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PREFACE

The research presented in this paper represents the bulk
of the work performed on the numerical integration of simple
non-linear atmospheric models by the Numerical Prediction Project,
a group jointly supported by the Geophysics Research Directorate
an thc Air 1,-th r Service, during the p-r4r, fror the project's
activation in February, 1953 to August, 1954. Members of the
project are connected with the Directorate's Atmospheric Analysis
Laboratory.

Partly to determine the operational feasibility of the models
then available for numerical forecasting proposes and partly to
lay the foundation for a systematic researc.. rogram in numerical
prediction, it was decided to examine the performance of the fam-
iliar barotropic model and of a simple baroclinic model under a
wide variety of synoptic conditions. The month of January, 1953,
was selected for this test, comprising a continuous series or 60
cases.

The efforts of the members of the project were then focused
on the development of a suitable baroclinic model, the plotting,
analysis and tabulation of the required synoptic data, the design
and construction of the programs and codes for solution on a high-
speed computer, and finally on the analysis and interpretation of
the results. The overall organization of this effort was directed
by Major P. D. Thompson, who 'as also rosponslb~e for the develop-
ment ot" the therinotropic equations tested, The analysis and tab-
ulation of the synoptic charts was supervised by Mr. C. F. Jenkins,
while the calculation and summary o ' the statistical properties of
the forecasts was supervised by Dr. L. S. Pocinki. Dr. W. L. Gates
assisted Major Thompson in supervIsIon'- oe prept iration of th.j numer-
ical forecasts, and was responsible iep .. opment of the
thermotropic code. The code for tolutlon of the barotropic model
was written by Major H. A. :artner. The suceessful completion of
the tests was materially aided by other members of the project.
during this period, Including Mr. L. Derkofsky, Mr. E. J. Aubert,
Major J. F. Blackburn, Lt. M. E. Stern, Mr. J. J. PaZnlokat ,
Lt. Patricia Hayes, and Sgts. D. Casey and D. Grennan. Special
recognition is due Mr. E. A. Sertonl for his prepar..tion of tho
figures in this report. Mr. W. S. hering and Mr. W. D. Mount of
the Atmosr"heric Analysis Laborntory assisted in verlfication :%nd
synoptic summary of the forecasts.



PREFAC12, (Continued)

The details of the theoretical development and a state-
ment oY the overall results have been presented in a separate
paper. This paper has been prepared to present the detailed
analysis of the results of this series of numerical forecasts,
in the hope that they may serve as a standard of comparison
with other methods of prediction and allow the improvement of
such techniques of dynamical prediction through the focusing
of further research on their inadequacies. In partic,i.1r. it,
is hoped that the statistical and synoptic analyses -' tlr
results will permit an evaluation of these techniques by
synoptic meteorologists unfamiliar with the theoretical aspects
of numerical prediction. To further these purposes the actual
24-hour numerical forecast charts for 1500 G.C.T. of each day
of the series are presented in the appendix to this paper.
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ABSTRACT

Following a resume of the theory of thermotropic flow,
a simple baroclinic model in which the direction of the
thermal wind is assumed invariant with height, a discussion
of the methods employed for the numerical integration of
this model and the barotropic model is presented.

On a finite-difference grid of 414 points covering
the United States and immediately surrounding regions, a
series of sixty comparative 24-hour forecasts during Jan-
uary, 1953, at the 500 and 1000 mb levels was obtained by
relaxation methods. The median correlation coefficients
between the forecast and observed 24-hour height changes
were 0.6J for both thermotropic and barotropic models at
500 mb and 0.69 for the thermotropic model at 1000 mb. In
comparison with a method of pure interpolation, the numer-
ical Corecasts are shown to display a positive "skill"
towrrd the center of the forecast region where the influence
oP the lateral boundaries is smallest. By normalizing the
root-mean-square forecast errors to allow for the normal
latitudinal variation, the Rocky Mountains are found to
exert a marked influence on the forecasts at both 500 and
1.000 mbs over the south central United States.

From a synoptic point of view, the numerical forecasts
nre found to compare favorably with conventional forecasts

for the same period, although they appear to introduce a
small but systematic tendency to move fully developed dis-
turbances too slowly. This error is felt to stem from the
truncation errors of the finite-difference schemes employed.

Recommendations for further researzh to reduce the
several sources of error and to extend the physical basis
of" the model are made.

xi



RES3ULTS OF NUJMERICAL FORECASTING WITH THE BAROTROPIC

AND THERMOTROPIC ATMOSPHERIC MODELS

1. General Intr dJuction

During 1952 a number of' workers succeeded in.
devising several alternative baroclinic models (approxi-
mate 'ormulations of the general theory of baroclinic
Clow) that are workable from the computational standpoint,
and which contain some of the ingredients essential to the
intensifications of weather disturbances. Thrse models
include the two-parameter model of Eliassen ,. the so-called
"12 '1/2-dimensional" model 4of Eady,3 the equivalent-baro-
clinic model V Thompson, the two-level model of Charney
and Phillips., and the two-layer model of Sawyer and Bushby.6
All are substantially equivalent.

These methods had been applied in a few selected
cases of rapid dev~lopment with very encouraging results;
the coefficients of correlation between the observed and
predicted behavior of the height of the 500 mb surface
T.'eraged around 0.7, and lndicated that numerical methods
might be successfully applied in situations of strong
cyozogenesis. Since these results could be assumed to hold
in lezz extreme weather situations, it was generally agr-eed
that the nthod of numeric al weather prediction showed
proi'Iise ot' producing a significant increase in the accuracy
,-)' 1,hoT-t-rainge for'ecasts. These methods might also be ap-
ple~d on :ln operajtional basis.

1must be emphasized, however, that even the
tplct.t o' these, baroclinic models had been applied only

In a 1'ow ,pecilll: selected and rather unusual cases. It
t r -,-ort appeared reasonable that several methods of
niumt±rical predic tion. varying as to gen~erality and comn-
plvxity, should he stubjectt-d to extensive ccsmnparative tests.

Trhe present series or tes'ts was Consequently
cganized with Lhe following generacl objectives in view:
tl) to establish the over-all accuracy ot' several existing
. e t odo by applying them to a standard, representative
snample of wenther *situations, anti therb lay the foundation
*'or a continuing program of' research In numerical fore-
ca.;tlng, and (2) to develop and stand-Irdize procedures for
producing forecasts on a regular basis Vrom existing or
anticipated methods of numerical prediction.



This research program involved the performance of
a comparative se ies of numerical forecasts, based on differ-
ent methods of prediction but on the same observational data.
It was planned to compute 12- and 24-hour forecasts from 60
consecutive sets of initial data spaced 12 hours apart, in
the expectation that errors could be more easily isolated and
anai-zed in a consecutive series than in a series chosen at
random from a larger sample. The month selected for study
was January 1953, when radiosonde and rawinsonde observations
over the United States were quite dense, and when a fairly rep-
resentative variety of weather conditions prevailed over the
continental United States and environs.

After preliminary study, it was decided to compute
forecasts from the equations for the barotropic model and for
the so-ailled "thermotropic" model, a vertically-integrated
t o-pa;-.meter model summarized in Section 2. Comparisons 'ke-
tween these two parallel series of numerical predictions, the
changes actually observed to occur, and the forecasts prepared
by conventional methods would, of course, comprise an essential
first step toward the objectives of the program. These com-
parisons from both a statistical and a synoptic viewpoint are
presented in Sections 3 and 4, wherein the present technique
and theory of numerical prediction is evaluated both as a re-
search tool and as a forecasting technique.

2. The Numerical Integration of the Thermotropic Model

2.1 Resume of the Thermotropic Equations

The derivation of the thermotropic quation3 for an
adiabatic, frictionless atmosphere in hydrostatic and quasi-
geostrophii balance has been described in detail by Thompson
and Gates, but will be summarized here in order to provide an
introduction as well as a background to the detailed discussion
of results in subsequent chapters. This so-called thermotrople
model is a baroclinic two-parameter model for vertically-inte-
grated flow, of which the basic meteorological assumption is
that of an isogonal thermal wind, i.e. the direction of the
wind shear does not change with height although the magnitude
of the shear may change. In terms of the temperature, T, the
thermotropic or two-parameter model may be characterized by
the equation,

VT =1T

2



where V is the isobaric gradient vector, and where T

=- , with the function F(p) expressing the
(magnitude) variation of the thermal wind vector. This
characterization of the atmosphere's baroclinity is es-
sentially that embodied in the two-parameter or 2 1/2-
dimensional models of Eady, Sawyer and Bushby, and
Eliassen; it may also be shown to be the essential basis
of the two-layer baroclinic model of Charney and Phillips.

Neglecting the vertical advection of vorticity,
by assuming that the relative (geostrophic) vorticity is
much less than the Coriolis parameter, and neglecting the
terms in the vorticity equation which represent a "twisting"
or re-orientation of the vortex tubes, the equations of the
thermotropic model may be written:

(I)

The bar-operator M ' 4  H, and p */ 2L
is a st-ream function for isobaric contour height t S -;
is a stream function for temperature, and I is the el vat ion

the terrain. In these equations is the Coriolis parameter,
is the gas constant for dry air, T. is a representative

temperature at the isobaric surface Pe near the ground, 0, isthe gravit~ational acceleration, It a ;k/ is the northward
rate or change of the Coriolis parameter k.Thee equations
have been written in the familiar It, , coordinate system,
with the positive K and Aj axes directed eastward and northward,
respectively. All differentiations indicated by the Jacobian
operator 7(6)= ()4/ x)h/ ) )_(&)(S/D1V) and by the Laplacian



operator d4J1 # V _  -qu , are to be carried
out with the pressure held fixed, as are differentiations
with respect to the time 1

Equations (1) and (2) are the basic dynamical
equations governing the behavior of the thermotropic model.
The first three terms of Eq. (1) will be recognized as simply
those of the barotropic model representing the local vorticity
changes due to the individual conservation of absolute vorti-
city. The fourth term of Eq. (1) represents the rate of pro-
duction or destruction of mean vorticity by the advection of
"thermal" vorticity by the "thermal" wind, such that absolute
vorticity will be increased in a disturbance when the thermal
trough is "lagging" behind the contour trough - an easily
recognized and well-known synoptic condition. The last term
in Eq. (1) represents the mean vorticity generation due to
the effects of terrain-enforced vertical motions, such that a
vorticity increase or cyclogenesis tends to occur in strong
flow on the lee side of elevated terrain. The several terms
of Eq. (2) can be similarly interpreted as due to the effects
of either thermal or contour vorticity advections or to the
effects of terrain-induced vertical motions; the sixth term
of Eq. (2), however, represents the effects of mean vertical
motions on the changes of thermal vcrticity, and thiereby
explicItly introduces the thermodynamical relation for
adlabatic flow into the system.

By introducing the concept of an equivalence level
In the middle troposphere, at which the mean wind is equal to
the vertically-integrated wind, the equations of the thermo-
tropic model may be written in terms of the height of a selec-
ted tsobari surface, say 500 rob., and the height of an
lsobarl, surfice near he ground, say 1000 rob. With this
identiflcation, Eqs. (i) and (2) become for flow over perfectly
flat terrain ( :o):

+ + +

+ 4



where + is tl c 500 mb height, and 4 is the 500-1000 mb
thickness. ihe factor C embodies the effect of the height
of the level of equivalence in this model and is given by,

where + is the mean pressure, - 4o/2_ , and is the
pressure at the equivalence level, taken to be 600 mb.

The thermotropic coefficients K and L which
appear in Eqs. (1-4) are defined by the theory to be func-
tions of pressure alone, and are given by Thompson and
Gates,1

~ (6)

U: : ...[K 1

where s the thermotropic parameter describing the
ver t.ical variation of the wind shear as introduced earlier.
The quantlt.y u*, is a measure of static stability and is

I v!l by,

2 - (8)

111h X.'- * Cp bI-ng the specific heat of air at
'n;tOt an t pressure.

'rhe simqified dynamical formulas, Eqs. (3) and
(4), are now to be solved by an iterative procedure wherein
the sy-3tem is regarded as linear with the time derivatives
Of * and k as the dependent variables, and all other
'erms regarded as known non-homogeneous members of the

cqtiatlons. St.arting from the known initial distributions of

500 mb height t and 500-1000 mb thickaess A , all terms
not involving time derivatives in Eqs. (3) and (4) may be
evaluated, a solution carried out to obtain 9*/3t and 2418t

5



from the resulting Poisson and Helmholtz equations, respec-
tively, and finally a time-extrapolation made from b/at
and ,/ t to regenerate a and A. a short time later
than the initial data. This iterative process may then be
repeated cyclically until the aggregate of the time extra-
polations is equal to the desired period of the forecast.

The actual solutions of Eqs. (3) and (4) were
carried out on a rectangular finite-difference grid, and
for variables expressed in non-dimensional measure. In
the numerical solutions, the selection P*-6o0 mwas made,
resulting in C 0. 86 when f =-00 pb . The thermotropic
coefficients K and L in these equations were assigned the
constant values 0.28 and -0.18, respectively,* which were
determined by fitting the qbserved winds over North America
to an idealized wind profile for a series of ten cases
selected from January, 1953. In the expression for /&,
as given by Eq. (8), the factors in parentheses found to
be nearly constant for the same series of cases, with ,44 an
average value of + ,.o X /i "I- t-2- , which was accordingly
used throughout the series of integration .

Accounting these modifications, Eqs. (3) and (4)
may be vritten in non-dimensional form, with the omission
of primes understood, and for a rectangular grid, as follows:

Bt1 86 A 4A 1( I3

+ A .AV.  111

AVak4 i J)

*For a linear wind profile, 3pch as that emb,-"-. in t.>,
equivalent-baroclinic model,4 the values corresponding to

the thermotropic coefficients K and L are 1/ and zero,
respectively.

C)



coefficients A-.. A~L. A' and ' are point-wise
\_ r-Laoie and given by, ,

A I..A ~

3 - _ _ _ _ _ _ _)

A A
'A

W .. = - -- , 1.

Here H is the reference unit of contour height (such that
itg s 4MI , where a is the non-dimensional variable), J. is
the reference unit of non-dimensional frequency, I is the
mesh constant of the finite-difference grid, 4 and % are
the mapping or scale factor and the cone constant, . pective-
ly, of the proJection on which the calculations are performed,
and k Is the longitude deviation of a grid point from the
meridian about which he grid is symmetrical ( q 0 to east).
In the present case, R a24 C on the WBAN-I synoptic chart, a
[ambert conic conformal projection whose scale factor is

*A,: / m)chG.'tM Ci/a-e)/22 where tItfV is the
ratio of the pole-to-equator distance of the map to the earth's
radius, 6 is the geographical latitude, and *. O.764 the
cone constant. The unit N was taken for convenience to be
100 ft, 'LA as (i0a) °1 , and the reference unit of length
Lcft was taken as the distance between adjacent grid points.
Thus, while the "physical" coefficients IL and A1 of the ther-
motropie equations have been taken as constants in the present
soluLions, the "geographical," coefficients and , have
been allowed their full , k variability.

7



The finite-difference operators used in Eqs. (9)

and (10) are given by,

A ()j = V+ - i -

2..

where , and J denote measure along the now rectangular ,
axes of the grid, respectively.

In addition to the numerical forecasts for the
500 mb height and 1000 mb height (or 500 - 1000 mb thick-
ness), forecasts of the average vertical motion were made
fro:n the first law of thermodynamics for adiabatic flow in
the form,

where Z a t! 90I4) V with the density and
ur-- Ow/t • When written in finite-difference form for

the non-dimensional var'iables ' and %, the verticaL motion
equation may be written,

where N = ,". The coefficient N was
found to be approximately constant, and was assigned the
average value-ll.2 (dimensionless) throughout the calcula-
t ' ons.

2.2 Method of Numerical Integration

With selected boundary conditions, the method of
solutio;n cons ted of the determination of the tendencies
4/at and W./)t by a relaxation method, followed by
at, ex'rapolation over a short time interval to generate new
Ini;.iM. data, after which the entire process was repeated

8



until forecasts of the desired length ,,cre obtained. The
finite-difference expressions, Eqs. ()and :,10), are to
be regarded as applying to the finite-difference -rid sho .n
in Fig. 4.1, Section 4. Thi3 is a square czri,"d o f 169 -, ;--J
points, spaced approximately 2 1/2' latitude- apart and
covering the continental Unit,: d States., Eouthern Canada,
and the immediately surroundin-g territory. Thio X;id cro-
bably has sufficient resolution to faithfully di.3mlay the
larg -scale disturbances, 2snd doe-s not appear to emphasize
small irregularities in the analysis- ol" initilal cooitLens.
With the presently employed me.;th-)d of dtcterminirig vorticity,
thea complete non-homogereous teri o Eq;..() and (10) ale
determined only on and 1wIthin the third intc,.r ior g-rid points,
yieldinE solutions for ;:/k. ad t../ a on an uiterioir
gD rid of 12 x 17 poiLnts.

The first ,,tep in thie -olution _;10 Eqzs. an) d
(10) at each net :,.int co'a _isttod of thie o-lc'ul-ation uf a
set of residuals ,I\.7en by,

el ft2.() - q U1)

4 A;

for the lk and equaitton.,rsoo-'l, .t' Z *
and (53,11+) are a Zet of Iitial ' olutlon F, n~- Fr
*30 , these tenklencleLs re : icu a the -ictu lly -Oc~d
24-hour chan;c, centered on the An~tI.-l In.-ont: for lt~
times, t>0 , they .:ere taken a,- the most recoint ~l~o
I.e., the solution:; for the Immedintzcly pree.dinj, tl!Ut Stao
The renidues Cenerated In t1h~z; munor .xeprolbably ;;O~nn:.hat
lar~er for the first step In the iternitlon procQc.;:: toian fo)r
the~ 'ubsequent ones, -,2 th ri o:nsequtrit litiev In thc re-
quired amount of Initial relaxatlin.

The rtelaxatlon itzself 'Irseeded oy tne:.:ino ,,f n
modified form of the extrapolated Llen roc~'a-

corin-;to -ahleh the res'dues C.. and S1. nas comoutcd :r'r.cordin - - J



Eqs. (17) and (18) are regarded as a measure of the
"error" of the estimated solution, and are "corrected"
by an amount depending upon these residues accordIng
to the process,

(ri) (19)

-4 OCR,

,here the subscripts denote suiccessive approximations
in the relaxation process. Here o is a coefficient
of ovr-relaxation, defined as,

tom D(e F +oeR. (21)

'ere 40C.. is the over-relaxation coeffir'et. of
des."igned to 6iv, optimum convergen, ',

S-I

with - o , qual t.o the number of
Srilo Intervals along e and axes, respic-
tiv.ly. In Eq. (21) OC Is the so-called Ric:hardson
relaxation coefficient, a constant and equal to 1/4.
For the grid employed in the present solutions, the
average of these two coefficients was found to 0.54,
and was employed throughout the calculations. Use
of this coefficient undoubtedly speeded the conver-
,ence of the relaxation relative to the Richardson

process, at least during the earlier stages; the
use of the full Frankel coefficient *F was not
attempted, althourh it is possible that this may
have speeded the rel xat on convergence still rnore.
Charney and Philllps havt, in fac., found the use
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of such an average over-relaxation coefficient to prod-
uce the most satisfactory converge nce Lin the solution
of similar equati ons.

The relaxation cycle, _ s represented by
Eq.6. (19) and (20), vas repeate in successive rox';-
by-roy:. scans of the gr'Ld until the re--sidues zevery,,%-here
and simultaneously satisficd the conditiLon,

tP jI) I SliI .< e
at hlch point Glre approximations li/t and S-it

u~ere assumed to be sufficien~tly cloSt to the
actaal tenidencies. With 6 = 10 r' toj-
repre snt n.., the maxiiini d!i;pos'a'le residuc, an
a',,-,rarge of six scanz, of the -rid 4;ere i'. quilred to
satisfy this conve,,rgence condition Lit eachL .tage :f
the3 6olut1.on.

Upon compleiion of th-- relaxation as
de.scribed above, the iter-Ation procQe s, o r the ad-
vanee of the oolutions in tie, tda arried out by
use f tht; "centered" e;xtrapaht ion forrA.1a,

hcre M4c C jnotes thw !ttrat on
st&t, the Increment of tim., ov,,ki .,.4hich thc

Loluttotis are to be extr3pOlated, :wnd Vk zor-k
the ribe of the thermotrcopie mo11. H av 1.ng
selected the grid polit spacin~g &S *.-forehind
to faithfully po~rtray the lart'e-5scalvdu~aes
the time Increment At Was Selvcetted oi. e hour
In order to satisfy the Coura t -Fvled'h"S-L "-~y
crltc-rion of :-nmputatlonal ttabt.1~y." For two-
parameter or ti~o-layer godds of the thero
onsi,.idered, and for the iter~tion s chcmv of IKq. 2?)
the condition that the 1;olutions not vxonen
-tntially with tI mv :z; approximately of t%,, f'rvm,

tsh'ere CMX Is to be 1nterpr~tt tht fVSY.t-
niur1 particle ,ipeed ini the flow ,, lecttior.,



of &t= I proved computationally stable for all
cases examined. (See, however, footnote, page 18.)

For the first hour's forecasts, Eq. (23)
must, of course, be replaced by a "forward" extra-
polation formula,

v -v- +A

The lateral boundary conditions required
in the solution of Eqs. (9) and (10) were taken as
the observed 24-hour changes centered at the initial
instant t=o in an effort to specify the boundary
tendencies during the initial stages of the soluticn
as correctly as possible. This is probably an
adequate boundary condition for some research pur-
poses. In operational application, however, a
boundary tendency obtained solely from past data,
a synoptically-estimated tendency, or a zero tend-
ency will have to be used for this type of solution.
To permit the regeneration of initial a and -#U

data on the original 18 x 25 grid, these boundary
oondiLions were specified on the three outermost
grid rows, and were held fixed thro-ighout the
forecast period of 24 hours.

2 5 The Program for Machine Solution

The 'inite-difference equations for the
hrmotropic model were programmed and coded for

the IBM Model 701 electronic calculator, a high
ipeed digital computer of the stored program type.*
The program itself was divided into several log-
Ial blocks or subroutines as follows:

(1) Basic initialization. This
port ion of the program prepares and positions the
Initial data input, and sets various program
c:ontrols ard internal tests into readiness.

* The basic engineering and performance charac-

teristics of the 701 computer are described
and compared with those of similar machInes in
Proc. Y.R.E., Vol. 41, No. 10, Oct. i95"'.
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k, ;) cracu 1~ ic 'i or non -homorc~uz-oui terino.
Thl, J;,l- roram cpljulatem the severs' members of

r ,Ad X In beqo. 19) arid (10) u8s.l.(4 the

( ) Calulation of reC.I.uen on zd '..-
it,'OIn. Thlu portion of the prorXm compu'i; thte
r 7', 1Cu:1lo from Fqs. 1' i) , (1l) correrpone'win,; to
th,, vnri<.'lz :z mud h, u*.,u; , he inItially-oaded
o 0oc]-''" ,.n',s U 0i Cia t aP Jro%,::LatJ.on for t = 0

, tin: .,olut.orn at +.p.6 . +,z A &t. Tih
,,.;o -i then performntd accordli-, to SQs. (19)

,a.c: ,0) tho -solution of oach equation ltinf
moo 1C d separately.

(4) Iteration. Thia,.,ubprogram carriesOuL M, c trap_-lat oi ,,.) Eq,. ,,oh) :.d (24) and
. F!e" " t ,;,, ... -ii, ,%t of ,.,z t.,1

quatin1. -n time.

5) Calcul-ti,_n of \,,rtical]. t G, tc n.

Th: c oition of the progrc<m ' . -utilze., only t
t 0, 12, 24 hours, and cormputeL the averav.ge vcr-
t -cai velocity according to Eq. '16). Thz;; com-
putaton, at t = 0 are bho,:n ir' the AL7),,jed-_,....

Each of these oubroutinec 1-8 character-
izeo by: () an initial serie;s of orders or
machine instructions in which the ' l.os (data
]o,:ations in the computer's electrostatic memory)
of the pertinent data and constallrx ar

initialized" or set to the beinr:ing of the finits-
difference grid; (b) a sequence of 1.n~otructiono by
means of Iwhich the actual calcul.tionE is performed--
e.;. addition, multiplication and 'c) a series of
instructions which "modify" or alter the addresses
o-f the data used in the calculations irn order that
the computation may proceed to the re.At grid point..
The sequence of steps (b) and (c) Ls repe:.ted
cyclically until the required computation has been
performed for each point of the fin.t:-d.fference
grid.

While the approximate character of the
results from the machine integration of the ther-

motropic model could, of course, be anticipated
to some extent, it was found necessery to carry out



a careful manual calculation of the instantaneous
tendencies 'a/+ and 9/B in order to obtain a
detailed verification of the correctness of the
design and operation of the code. These calcula-
tions allowed, furthermore, an examination of the
round-off or truncation error allowable in the
machine, and made possible a more nearly optimum
selection of the constants a and 6 and a
consequent speeding of the relaxation process.

While executing the thermotropic code
for a 24-hour forecast at 500 and 100mb, the
machine performs about 500,000 multiplications,
approximately half of which are made ini the course
of the relaxation process, performed each hour for
Eqs. '9) and (10). In addition, the i.machine exe-
cutes approximately 15,000,000 additional orders
in the course of the forecasts. All of the cal-
culations are performed completely in the machine's
high-speei electrostatic memory, without the
assistance of auxiliary storage units such as
S:-aagnetic d urms or magnetic tapes; for, a larger

: rogram or when a larger finite-difference grid is
.nvoived, the use of these lower-speed ororage
*inlis will probably be a necessary ingredient of

,c progra:.. In 1 s present. form, the thermotroptc
pi.ovram requires approximately 25 minutes for the
prcdjction of l -and 2--hour forecasts al 500 and
1000 rmb, to,;thr ith the forecast vertical mo-
tUons; t.is tim.,, .ncludes about one rlinute for
loadin,- the programi Into the calculator, and
approximately three mlnut for the aul oMat I-
"' Intlne of the foreca to. In all, - total of
c:Ivy 12-nhour forecasts and sixty 24-hour forecasts
-,,:.r'e prepared at bcth '500 and 1000 r',b from this
od tartng with the 1500 G.C.T. 3yncptic chart
or I Jan. , and including each 0,500 and 1900
.. C.T. chart througi 0.50 G.C.T 1 Jan., 1953.

a 2.4 Tntegrat.ion of the Birotropic Model

As the ,econd imodel In this serlez of
'-o-raarwtlve numerical Integraticns, the barotroplc
moJel representing tht: behavior of a frictionless
adiabatic atmosphere in two-dimensional, non-
divorgent motion over flat terrain under hydrostatic
:nd quasi-geostrophic balance was examinied. This



model may, of course, be recognized as a special case
of thermotropic flow. When the 500 mb surface is
identified with an equivalence level representing the
mean motion of the atmosphere, the governing equation
of the barotropic model may be aritten,

where the symbols are as defined earlier. For the
barotropic model, the equivalence factor c was taken
as unity. Upon the introduction of a scheme of non-
dimensional measure and finite-differences as for
the thermotropic model, Eq. (25) may be written,

The solution of Eq. (26) proceeded exactly
as in the case of the thermotropic equation for 50G
mb flow. After the computation of residues, the
relaxation proceeded ".:ith the same lateral boundary
conditions, over-relaxation coefficient 0
maximum disposable residue 4 , and the same
iter'ion process as for the thermotropic solutions.
The code of approximately 300 instructions was
written by Major Zartner and requies an average of
five minutes for execution on the IBM 701 computer,
including the performance of the Icadin and print-
ing routines. In the barotropic case there is, of
course, only a foreca.t of 500 mb hcight changes,
and no information regarding the 1000 mb changes
and associateJ vertical motion was obtained.

3. The Statistical Sur iary and Atialysis of Forecasts

3.1 Introduction

Upon coi.pletion of the integration of the
barotropic and thermotrop>t models for the series
of 60 cases, it became a primary concern to es-
tablish some measure of the nccuracy Df the thermo-
tropic and barotropic forecasts, and to compare
the results of integrating the thermotropic equations

15



with those obtained from the barotropic equation.
Although meteorologists generally recognize the short-
comings of the linear correlation as a measure of
forecasting accuracy it is nevertheless the most
commonly employed statistic. It was therefore de-
cided to compute the linear correlation between the
forecast and observed height changes for each series
of numerical forecasts. Since the correlation is
principally sensitive to phase differences the root
mean square error was computed in addition to fur-
nish a more amplitude-sensitive measure of accuracy.

It is unfortunate that the correlations
obtained here are not directly comparable with those
presented by other investigators, since the results
depend on the size and location of the forecast region
and on the nature of the boundary conditions used for
a particular calculation. In fact, the possibility
of making such a controlled comparison was a major
motivation of the present work in which the solutions
of two numerical prediction models, the thermotropic
and barotropic, were produced under identical cor-
ditions.

While Charney and Phillips5 have com-
pared correlations for a barotropic model with those
for a "2- 1/2 dimensional" model, the barotropic
model produced a forecast at the 500 mb level and
thc 2- 1/2 dimensional model produced forecasts at
the 500 and 700 mb levels. The quantities compared
were the correlations of the barotropic forecast
500 mb changes with the observed 500 mb changes and
the correlations of the 2- 1/2 dimensional model
forecast 700 mb c anges with the observed 700 mb
changes. Charney has more recently presented a
comparison of the 500 mb forecasts of a three-level
model with 500 mb forecasts of a one-level model and
the 700 mb forecasts of a two-level model during a
three-day period of intense cyclogenesis. The
correlations of forecast 24-hour changes %ith ob-
served 24-hour changes were high for the three series
of forecasts preceding the storm, but only those
for the three-level forecasts remained high after
the storm developed. Neither of these compar-
isons were felt to constitute a conclusive

16



examination of the relative performance of the one-,
two-, and three-level models, although they docu-
mented for the first time the anticipated superior-
ity of the three-level model in a case of strong
baroclinity. There remains to be made, however,
systematic model comparisons in a wide variety of
synoptic situations.

From the present work we are in a position
to compare the performances of the barotripic and
thermotropic models in predicting 500 mb height
changes over a long series of forecasts, in which
both models were integrated under identical con-
ditions.

In the following sections, the several
basic statistics (correlations, root-mean-square
errors) summarizing the results of the integrations
will be presented and briefly described. Further
statistical tests conducted will be discussed;
finally, an evaluation of the "skill" of the fore-
casts from a statistical viewpoint sill be made.

3.2 Space Statistics

Linear correlations between the forecast
and observed height chpnges and the root mean
square errors of the forecast height changes were
computed for the 12- and 24-hour 500 mb barotropic
and theriotropic forecasts, and the 12- and 24-
hour 1000 mb thermotropic forecasts. In addition
to the space correlation and space root mean square
error for each forecast, a time correlation and
time root mean square error at each grid point were
computed for each series of forecasts. All of the
computations were performed on the IBM type 701
electronic computer.

Figures 3.1 through 3.6 are the space
correlations for each series of forecasts plotted
as a function of time; Figures 3.7 through 3.12
are the space root mean square errors plotted as
a function of time. The most striking feature of
the time distribution of the space oorrelations is
to be noted by comparing the results for the baro-
tropic and thermotropic 500 mb predictions (Figures
".I through 3.4). For the 12- and 24-hour
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predictions the barotropic and thermotropic space cor-
relations are almost identical. In those cases for
which the space correlation of the barotropic pre-
diction is low the space correlation of the thermo-
tropic prediction is also low.* Two possible ex-
planations may be offered for this result:

(1) Errors in the prediction may be due to
the failure to include some pertinent physical process,
in which case it must be concluded that the omission
occurs in both models.

(2) There is some overpowering influence,
which may not be a physical influence, that causes
both models to behave similarly. This may be an
effect due to the mathematical fuomulation of the
problem, or due to the use of similar numerical
approximations in the solutions of the t,-, models.

One exception to this behavior is to be noted in

the 24-hour 500 mb prediction made at 0300Z 17
January. The space coorelation is much lower for
the tar tropic forecast than for the thermotropic
forecast; there is a corresponding difference in
the space root mean square errors. This difference
is due to a very large error in the 24-hour baro-
tropic forecast, which is concentrated in the
northeast corner of the forecast area. This error
is as yet unexplained, but since it arose in the
computations after a successful 12-hcur forecast
had been made, it is conceivable th&t the error
is a manifestation of some form of computational
instability.

18



The general level of the 24-hour 500 mb space
correlations (Figures 3.3 and 3.4) is only slightly
lower than the 12-hour 500 mb space correlations
.(Figures 3.1 and 3.2) except for the forecasts made at
15Z-7 Jan., 15Z-18 Jan., 03Z-19 Jan., 15Z-19 Jan., and
15Z-28 Jan., when the 24-hour correlation is much
lower than the 12-hour correlation. This implies that
the forecast calculations compound an error in the
change pattern. A forecast which starts off badly
during the first 12 hours goes further astray during
the next 12 hours; a forecast which starts off well
during the first 12-hour period will be a good fore-
cast at the end of the 24-hour period. A comparison
of the graphs of the space RMSE for the barotropic
and thermotropic 500 mb predictions (Figures 3.7
through 3.10) reveals the same striking similarity
present in the graphs of the correlation coefficients.
The RMSE for the 24-hour forecasts are greater than
those for the 12-hour forecasts in all cases. The
correspondence between cases for which the RMSE of
both the 12- and 24-hour predictions are relatively
large may be noted.

The 12-hour 500 mb barotropic and thermo-
tropic space correlation coefficients were examined
in some detail. The average correlation coefficient
for the barotropic predictions, 0.817, was slightly
higher than the value for the thermotropic predic-
tions, 0.312; the difference between these correla-
tions is not statistically significant. The differ-
ences between the daily values of the normally dis-
tributed Fisher's Z for the barotropic and for the
thermotropic predictions were compared to an esti-
mate of the standard error based on a population of
204 (number of grid points) independent pairs.
Since the number of independent pairs is considerably
less than 204 this procedure leads to an underestimate
of the standard error. The daily differences of the
Z values exceeded twice the estimated standard error
in only three of the 60 cases (5%). Since the
standard error was considerably underestimated it
must be concluded that the barotropic and thermo-
tropic space correlation coefficients for the
12-hour 500 mb forecasts are not significantly
different for any of the 60 predictions.
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The space correlation coefficients fc-, the
1000 mb thermotropic predictions are generally lower
than those for the 500 mb predictions. The general
level of the 1000 mb space correlations is about the
same for the 12- as for the 24-hour predictions,
except that the minimum 24-hour correlations are
considerably lower than the minimum 12-hour corre-
lations (Figures 3.5 and 3.6). The correspondence
between poor 12-hour predictions and poor 24-hour
predictions is not as well marked as for the 500 mb
forecasts. The space root mean square e -s of the
24-hour 1000 mb predictions are greater than those
for the 12-hour predictions for all cases; the in-
crease in error from the 12- to 24-hour forecast is
almost linear in time.

The frequency distributions of the space
correlation coefficients are presented in Figures
3.13 through 3.18. A comparison of the frequency
distributions of the space correlations for the 500
mb thermotropic and barotropic forecasts (Figures
3.15 through 3.16) again illustrates the similarity
of the two sets of forecasts. The distributions of
the 1000 mb space correlations are flatter than the
distributions of the 500 mb space correlations.
The median value of the space correlation for each
set of forecasts Is tabulated in Table 3.1. From
each frequency distribution the percentage of fore-
casts for which the space correlatlon exceeded 0.7
may be computed. In these cases the forecast
method explained approximately 50% or more of the
variance of the change pattern. These percertages
are also given in Table 1. Considerably mor, th n
half of the barotropic and thermotroplc 500 mt
forecasts exceed the 0.7 correlatlon leiel; It,:
thlan half of the thermotropic 1000 mb forecasts
exceeded the 0.7 correlation level.

In concluding our discussion of' the
3pace correlations some general observations may be
noted. The result that the correlation Is higher
if the actual height chnges are larger (in absolute
magnitude),8as been observed and reported by
Lonnqvist in the case of standard forecas tech-
niques and by the Staff MembeH, Institute of Meteoro-
logy, UWIversity of Stockholm in the case -f
numerical forecasts using the barotropic model.
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Table 3.1 -- Space correlations. Median values and
percentage of cases for which corre-
lation was greater than 0.7.

Level Model Period Median Value Percentage
Exceeding 0.7

12 Hour .82 75.0
Thermo-
tropic

24 Hour .80 73.3

500 mb

12 Hour .83 78.3

Baro-
t op :.c~

24 Hour .80 66.6

12 Hour .68 46.7

Thermo-
1000 mb tropic

24 Hour .69 48.3
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Table 3.2 -- Average space root-mean-square errors.

Level Model Period Mean RMSE
in Feet

12 Hour 118.7
Thermo-
tropic 24 Hour 231.2

500 mb
12 Hour 

115.8
Baro-
tropic 24 Hour 228.1

12 Hour 126.4
1000 mb Thermo-

tropic 24 Hour 223.1
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The same general trend has been observed in the pres-
ent investigation. This is probably a manifestation
of the tendency to obtain a high correlation between
two populations if each population has a bimodal dis-
tribution. If the average absolute value of the
height change for a particular case is high, the
field is generally one of relatively large rises and
falls of contour height, with only a small area of
little change. The nature of the linear correlation
is such that a higher correlation is to be expected
in such cases than in cases for which the height
change field is of smaller contrast.

The average space root mean square errors
are given in Table 3.2. We again note the similarity
between the results of the 500 mb thermotropic and
barotropic predictions. The average space root mean
square errors for the 12- and 24-hour 1000 mb fore-
casts are approximately equal to the averages for
the corresponding 500 mb forecasts. This means that
the 1000 mb predictions are somewhat poorer than the
500 mb predictions since the standard deviation of
the observed changes of the height of the 500 mb
surface is approximately 30% larger, in the average,
than the standard deviation of the 1000 mb changes.
This is further indicated by the result that the
space correlations for the 1000 mb predicted changes
are considerably lower than those for the 500 mb
predicted changes. The average RMSE for the 24-
hour forecasts is approximately twice the average
RMSE for the corresponding 12-hour forecasts,
The error In magnitude of the forecast changes is
essentially linear in time.

3.3 Time Statistics

The geographical distributions of the time
correlation coefficients are presented in Figures
3.19 through 3.24. For each series of forecasts the
forecast changes at a grid point, ordered sequentially
in time, were correlated with the observed changes,
in the same order, at the same grid point; this yields
correlation coefficients for all of the grid points
as a measure of the geographical variation of the
forecast accuracy. There are some features of the
geographical pattern common to each forecast series.
Each figure has two pronounced maxima, one over the
eastern U. S., and the other over the southwestern U. S.
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There is a minimum value over the northwestern part
of the forecast area which entends southeastward
into the central U. S. The distributions of the
time correlations for the barotropic and thermo-
tropic 12-hour 500 mb predictions (Figures 3.19
and 3.20) are strikingly similar (as ,,ere the time
distributions of the space correlations). A
comparison of these sets of time correlations indi
cates that there is no grid point for which the
difference between the correlations i2 statisti-
cally significant. The chart of the time correla-
tions for the '24-hour 500 mb barotropic predic-
tions (Figure 3.21) differs from the chart of the
time correlations for the 24-hour 500 mb thermo-
tropic predictions in the northeast corner of the
forecast area where the barotropic correlations
have a minimum. This minimum is caused by one
very poor barotropic 24-hour prediction (see foot-
note, page

A comparison of the charts for the 12-
hour 500 mb forecasts and the 24..hour 500 mb
forecasts indicates that the area of high correla-
tion in the eastern part of the forecast region is
smaller for the 24-hour forecasts than for the 12-
hour forecasts. Consider the area with correlation
greater than 0.85; its western edge is at. approx-
imately the same position for the 12- and 24-hour
500 mb predictions, but its northern extent is
diminished. The western area of correlatJon
reater than 0.85 is considerably sm3ller for the

24-hour 500 mb forecasts than for the 12-hour 500 mh
forecasts. The minimum value of the correlation is
lower for te 24-hour predictions than for the 12-
hour predictions. The area of correlation lower
than 0.7 is larger on the charts of the 24-hour
500 mb time correlations than on the charts of the
12-hour 500 mb time correlations. The decrease
of the correlation from 12- to 24-hours is espe-
cially marked in the north:est portion of the fore-
cast area and in the "trough" east of the Hockies.
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The principal features of the pattern of the
tinea correlation coefficients for the 1000 mb thermo-
tropic forecasts (Figures 3.235 and 3.24) are quite
similar to the patterns of the 500 mb correlations.
The maximum values of the correlation are of the same
magnitude as those for the 500 rnb predictions, but
the minimum values are much lower. The result is that
the gradient of correlation for the 1000 mb forecasts
is much greater than on the charts fox, the 500 mb
forecasts. The region of low correlation in the north-
west, extending southeastward into the region east of
the Rockies In the U. S., is much more pronounced.

The general result th~at the correlation of
observed changes with forecast changes is higher for
the eastern part -)f the forecast region than for the
westelp part hab also been obtained by Bushby arid
Hinds for integrations of the Sawyer-Bushby two-
parameter baroclinic mrodel. The forecast region in
th-.is caoe cove-ed thie North Atlantic Ocean and
W ?s 2ezr Eur'Dpe. The result was Indicated for both
tne 500 and 1000 .m.b forecasts, although only a limited
number of forecasts were made. Dushby and Hinds *howed
t'4hat the space correlations were higher if only the
eastern portion of the forecast region was used I.n
the verifilcation. than If the entire forecast region
.ias usod. The Staff Mieqit s, Institute of Metecrology,
University o~f Stockholm' ..ave presented n-chart of
the time correlation6 bN -ween observed and computed
100 rib height changes for a somewhat lcnger series
of barotropic forecasts over approximately the same
area, and find the sarme increase of correlation
icoefficient in 'the eastern. portion of the forecast
region. In both of theze series of forecasts
operationnl" aU3Li'DtIon63 were made concerning the

bound3ry conditions io that only In ormation avail-
able at tIhe start of the forecast period wa used.

The geographical distributions of the time
rcot-mean-3quare errors are shown in Figures 3.25
through 3.50. -The patterns are partiall obscured
by a north-so .,h gradient Introduced by 'climatology."
Sitnce the variability of the height of a constant
pressure sulrface increa3es toward the north of the
forecast are~a, the magntude of the errorj in the
forecast height change Increases toward the north.
This effect superimposes a zonal pattern on the root-
mean-so.,are error charts. It Is still possible to
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distinguish some features apart from the zona] pattern.
The errors along the northeast coast of the U. S. are
somewhat smaller than those along the Pacific north-
west for tb: 12-hour 500 mb predictions; the maximum
errors in eastern Canada are smaller than the maximum
errors in western Canada. A comparison of the charts
for the 12- and 24-hour 500 mb predictions shows the
same linearity in time of the root-mean-square error
that was noted in the space root-mean-square errors.

The space distribution of the time root-
mean-square errors of the 24-hour 500 mb thermotropic
predictions (Figure 3.28) shows that the error along
most of the eastern edge of the forecast area is less
than the e-ror along the western edge. The maximum
error over -astern Canada is less than the maximum
error over western Canada. The geographical distri-
bution of the time root-mean-square errors of the
24-hour 500 mb barotropic predictions shows a pro-
nounced maximum aL uhe northeast corner of the fore-
cast region. These large errors are caused by one
very poor barotropic forecast (see footnote, page

The geographical distributions of the time
root-mean-square errors of the 1000 mb thermotropic
forecasts correspond strongly to the time correlation
patterns, expecially in the areas of poor forecast
(cf. Figures 3.23 and 3.29, 3.24 and 3.30). The
locations of the time root-mean-square error maxima
are in the same region as the minima of the time
correlations. This region is the principal feature
of the 1000 mb time root-mean-square error patterns.
Each chart also shows regions of error minima at the
southern corners of the forecast area.

3.4 Normalized Time Root-Mean-Square Error

The time root-mean-square errors may be
normalized in order to remove the bias toward a purely
zonal pattern. It shall first be hypothesized that
the standard deviation of the time RMSE in one row
of grid points is approximately equal to the standard
deviation that would be obtained for each grid point
in the row if values of the RMSE were available from
many sets of 60 forecasts. It is also assumed that
the values of the RMSE are normally distributed.
The normalized RMSE shall then be defined by:
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RMS$~ = RMSE - RMSE
cr a- RMSE)

w, hore EMSE is the mean of all value,. in a row,- and
Or (FRMSE) is the standard deviation of the values

in the row. The normalized EMSE Is such that
valueS at different latitudes may noai be directl2y

comard-ince tLlhe bias in the FNSE due 1to th-ie
increase in rmagnitude of the observed hei'nt rhan,-e
,iith increasing latitude has been removed . A point
at w1hich the valu.e of RMSS3 is -rea',er than oni7

RMSEN>O 1) 1'a point1 fi 1-iich the ree.~c rc
poor in tne sense tlbat th, value of : le ENSE l-,
wreater thar, the Mean FMSE by more than n
standard aeviation. A dl fference of thi:- ma.,-:n1A ,de
would occur randomly in lt:ss than 55 ;7, n
huindr ed. (Under our assumpt ions thio rmeans.
va1,.e3 out of one hundred value3 of tthe RMSE com-
pted Vor each of 100 sets of 60 foro2casts each,)
A va1-Ae of the RNISE, greater than tois a "poor"
valuae In ihe sense hat a differerncQ of thr aP,-1
'u-de WOUld oocur randomliy in less than .,:-- cases ,
i-1 a hundred. Values of Whe NISENJ leSs ,han-11
and -2 ar, ",rood," Ln the samie sense, at 'h~e 5j%
ano ' level, respectively. The normaltzoci time
FiMSE were kcrriputed for the 2.4-hour ihe rmotroplc
,) and 1000 nib forecasts. Value-i of t-he 131-malized
NO~1E tn different gorpia eirsuodr~l

...:parallle arid It. Is IQ~L~I #c xmn tw2

ruhic 1al pat* orn of the nori-,alized FMt,9E In sctrie
I: . For' thtc pu.rpose of comparing thl;3 pnttern

Sh he r ihl,; lopopraphy In t*J 11 _1* r1'_1 or
a' :cI a I Ua se ".Ap w It h ,,ontoulr 2. 16ne~ -1 .2 J!a:, _L

.,a Paucc-z uf t he ,erraii elevatilon ravcraied o)ver
fIve dei,rr_ latitulde-lo1T tittude areas -.ia3 prepareod

The patterns cf' normalized Rt.1SE for tht.
2-hour thernotrople 1000 and r,00 nib _1'or'octs are

p;-esernted superimposed on the Lopography ,,har, In

ul.re's 3.31 and 3.32, , -peotively. Tirrn~t
.. r~king, feat-ure Is tho locatton of the rerlon o:

[V'MS~y>l on the chart for 1000 mb (Fig, rr A.31) I n
the e of L.he Rocky Mountains. In tern.: 21' the

;%tasare provided by the normalized EHNSE '.he region
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of poorest forecast is in western Kansas south to
the Texas panhandle. In the chart for 500 mb
(Figure 3.32) the region of RMSEN >1 covers the
northern half of the western boundary, probably
due to errors introduced at the boundary, and
continues southeastward in the lee of the Rocky
Mountains. In both charts the forecasts are better
in the eastern half of the region than in the
western half, except for the area of RMSE <-1 in
the southwestern corner. The chart for te 500 mb
RMSE has one small area of very good forecasts,
(RMSY N < -2) in the center of the eastern boundary.
This region may be due to the favorable influence
of the boundary conditions.

The values of the RMSE in a particular
column of grid points may be ave aged to obtain
a mean measure of the west-to-east variation of
thp forecast accuracy. The average values of
RMSEN for each column are presented in Figure 3.33,
where the mean height of the terrain is indicated
by the shaded area. The mean RMSE for both the
500 and 1000 mb forecasts show maxyma in the lee
of the Rockies. The 500 mb curve also has a
secondary maximum in the lee of the lower Appalachian
Range. The curves presented here support the deduc-
tion, made from the geogr'aphIcal distribution of
the time correlations, that the forecasts are
poorer in the western half of the region than in
the eastern half. The geographical distribution
of the normalized time root-mean-square errors
indicate, much more clearly than any of the
other data, that the region of poorest forecast is
in the lee of the Rocky Mountains. This result
may be due to some deficiency in the numerical
prediction model. There are two classes of
physical processes omitted from the prediction
models that may be responsible. One may be termed
a purely lee effect; the surface of the earth has
been assumed perfectly flat in the derivation of
the prediction equations. No considtration has
been taken of the fact that air is forced to flow
up over the mountains. The other effect is one
due to the Rocky Mountains serving as a crude
physical barrier, channeling the low-level outbreaks
of polar air along their eastevn slopes. The
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process of low-level advection is not included in the pre-
diction model. It is therefore implied, by the analysis of
the present results, that further generalizations of the
numerical prediction models might well be directed toviard
the inclusion of topographical effects and lolw.-level ad-
vection processes.

3.5 Comparis-on With No-Skill Forecasts

The results presented up to thnis point leave one
question unanssered: "Howi~ do the correlation coefficients
for the numerical pre-dicticns compare with correlation Co-
efficients of forecasts obtained by some other technique?"
In se-king such a comparison, it is dE-irable to use a
itno s'i 11" forecast technique .w.hich utilizes the same given
information as the numerical forecasting, techniques. The
sic'nificance of the corn31ris on may be increased by the lack
of sophistication of the no-skill forecast technique and the
randomness of Its selection. It is quite probable that, if
encugh different schemes are tried, ;..e might eventually dis-
cover a oImple scheme which ,iould forecast "as .,,ell as"
numerical prediction (say, in terms of the correlatlen co-
efficient).

In vle'x of these con si1dera tions c shall now: pro-
cose a simple foreCast technique. The first ~tuIn preoarlw,
a 12-hour forecast is to shift thie field of '5-00 ml) height
changes for the 12-hour period ending at the start of the,
foroecast period tw, o grid Intervals to the east (an e astw.ard
vz;loolty of approximately '1.5) lon-itude por 12 hours at 4 ;
North) .In the noxt step wfe make use 0of the height6 Lit
12-houc, ver'ificatior. time on the boundary (in order to make
the technique comparable ,:ith the numerical forecaotlnL,
tec(,hnique described In Sec'UIon 2) to cc-mpute th;e observed
l2-li~ur 500 mb boundary height changes. The boundary chan ,ezi

r'. tocii u.3td Lo lmpr~ve Kie Interior valuez 'obtatlnl J 1,y
sitralght oxtrapolation. i ',,,,pro ved iforec ajt 12-hour chanie
for the first interior row, ij obtained byaeain~the ex-
trapolated height change, s'ei<';ted one, and the obscrvtd
height change' at the neiighbor~ng boundary point, ..elghted
three,. The value for the -ieco;-.nd r~ow. i3 obtained by averagin
the extrapolated and boundnry changt ,- equally ~:lhc.Th-e
thir'd Interior row,, of for'ecast cha.-Leo izs obtained by avt.r-
aging the extrapolated change, -.,eighted thrt.e;, and thte bound-
ary change, -weighted one. In each cornex' of the for'o.t
re~lon there are nine points for which the for cast chtn.ocs
.:re obtained by averaginCg thkc tw.o values; comnpute d from C~ih
boundary. The s cheme outlined provides a 12-hour 500 mb
"forecast" in the same sense that the numerical pvedictlons;
do. The int.arior data is based on information available- up

5 3 d ~S W A ilk bu k-A U
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to forecast time; boundary data is available at verifi-
cation time.

For a 24-hour forecast no further boundary data
are available; the forecast height change pattern for the
first 12-hour period is shifted eastward two grid intervals
as a forecast for the second 12-hour period. The forecasts
for the first and second 12-hour periods are added to yield
the 24-hour 500 mb height change prediction.

The "no-skill" 12- and 24-hour 500 mb forecasts
were made for a sample of 30 randomly selected cases from
among the 60 for which the numerical forecasts were made.
T.Le forecast 12- and 24-hour 500 mb height changes were cor-
related with the observed 12- ana 24-hour 500 mb height
changes, respectively, for each forecast. The root-mean-
square error of the forecast height changes was also computed.
Average values of these statistics are compared with the
averages for the thermotropic forecasts for the same 30 cases
in Table 5.3. On a daily basis the thermotroplc 24-hour 500 mb
forecasts were better than the no-skill forecasts at the one
percent level in 14 cases, while the no-skill forecasts were
better, at the same level, in only three cases. The frequency
distributions of the 24-hour space correlations for the thirty
24-hour no-skill forecasts and the corresponding thermotropic
forecasts are shown in Fig. 3.34. The no-skill forecasts did
not do as well as the best thermotropic forecasts nor as
poorly as the ;.orst, i.e. in this sense it is a more

Table 3.3 -- Comparison of the 12- and 24-hour 500 mb
forecasts obtained by the no-skill tech-
nique with those obtained by the numerical
integration of the thermotropic equations.

NO sKILL THERMOTROPIC

Correlation RMSE in feet Correlatioii RMSE in feet
Coefficient Coefficient

12 Hour .710 139.3 .779 121.6
500 mb

24 Hour .655 259.3 .710 242.0
5300 ,,Ib
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conservative forecast scheme.

The time correlations of the forecast 24-hour 500
mb height changes with the observed height changes at each
grid point were also computed and compared with the time
correlations of the 24-hour 500 mb thermotropic forecasts.
Figure 3.35 indicates the result of this comparison. In the
shaded area, located to the east of the center of the fore-
cast region, the thermotropic correlations are greater than
the no-skill correlations by an amount that is significant
at the one percent level. Near the boundary there is no
pronounced superiority of one scheme over the other. In
the interior of the region, where the no-skill technique
does not take account of boundary effects, the integration
of the equations is a much better technique than the straight
extrapolation of the height change field. There are two pos-
sible explanations for this result. Either the equations "do
something" in the interior, quite independently of boundary
influences,that is more reliable meteorologically than an
extrapolation of the past change vattern, or the equations
furnish a mechanism for propaga*.ing the boundary information

-x o "he very center of the forecast region.

It is quite possible that the no-ski.ll forecasts
:...", be Improved by using an interpolation scheme that
br1,.go ,,e influence of the observed 12-hour changes further
, ,o the region. Results might also be Improved if observed

rO0 nb hel; hts at the 12-hour verificatlon time ,:,ere used
al-ng 'hree bvoundary rows (as in the numerical f~recasts)
tz/..ad L along one (as in the no-skill forecasts). In this
ia.;,, ore elegant interpolation scheme, based on the
{ r-dint of the observed 12-hour change normal to the boand-
ay, m1'ght Ve used to improve the interior values.

1.6; Sunrary

The correlations of the forecast 500 mt' changes
! observed _2eanges are high enough to be quite encouraging;

,th 'orr'lation of the 1000 mb forecast changes wlith observed
,oz are not as high but .re nevertheless felt to be sig-

,,1f'cant In view of the relatively simple physical theory
,,mployed. More research is required to establish clearly the
Influthnee of the boundary conCitions on the final forecast.
The olllarity or the behavior of the correlations of the
00 mb thermotropic forecasts and the correlations of the

500 : b barotroplc foreca::ts remains the most striking feature
of the results presented Iere. It is to be hoped that further,
more subtle, analysis c'f the numerical forecasts may reveal
thc distinctions betwee: The physical behavior of the two
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models which have been indicated, for example, b- 'tabil-
ity studies.4  The results of Section 3.4 indica -hat
further improvement in numerical forecasting may be gained
within the framework of the present theory by including
topographical effects.

4. The Synoptic Summary and Analysis of Forecasts

4.1 Introduction

To date, the interpretation of most numerical
forecasts has been from the point of view of the dynamic
meteorologist, i.e., the predictions are, in fact, solu-
tions to a set of hydrodynamical equations and offer direct
evidence of the accuracy of the theory and the suitability
of the numerical procedures employed.

In addition to this interpretation, it was felt
that in the present series of forecasts, a valuable summary
of the results would be from the point of view of the synop-
tic meteorologist, i.e., the forecast behavior of typical
synoptic systems and the forecasts' comparison with conven-
tional technique. It is hoped that such a summary and
analysis will permit an easier evaluaticn of numerical
forecasting by meteorologists not directly engaged in this
.ork; in particular, with the aid of the forecasts ,hoyn
in the Appendix, it is hoped that a "feeling" for th
prformnce of the relatively simple prediction models under
a -.ide variety of synoptic conditions may be obtained.

The purpose of this section is accordingly to
describe the data preparation and to present the synoptic
study and summary of the forecasts made using the simple
barotropic model and the thermotrop*c model." The synoptic
study of the forecast results includes an observation of
the general level of performance of the numerical techniques
and of the systematic errors w<hich are in evidence. A dis-
cussion of the forecasts is included with consideration to
initial flow patterns, types of systems, and geographical
areas covered by the forecast. Case studies of interesting
situations are used as illustrations of ptrformance. Th,
daily forecast and observed maps for the 500 mb and 1000 mb
lvvels and 1000 - 500 mb computed vertical motion are in-
cluded in the Appendix. The use of the thickness (1000 -
500 mb) for forecasting purposes is of particular interest
to the synoptician, since there have been * number oi'
studies made in the past to empirically relate the thick-
nss patterns to tht flow patterns at the surface and aloft
for forecasting purposes. Some numerical thickness fore-
casts ar' presented here in detail to give an indication of
the performance of this portion of the thermotropic model.
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A discussion :,f the thermotropic model as a forecast tech-
nique is included and a comparison is made to other methods
of prognosis.

4.2 Synoptic Data and Analyses

The decision was made to prepare one month of
carefully analyzed maps at all the standard levels to serve
as a test series for the numerical prediction techniques.
This would provide maps for sixty sets of forecasts which,
it was felt, would be a large enough sample to determine the
level of performance of the forecast equations. A winter
month was preferable since it provides the most difficult
and extreme forecast cases, and a recent year was preferable
from the viewpoint of data availability. Examination of maps
of beveral winter months resulted In the choice of the month
of January, 1953, as most suitable for testing purposes.

Data for the month of January, 1953, were obtained
from the Daily Upper Air Bulletin published by the United
States Navy, the data files of the Department of Meteorology,
Massachusetts Institute of Technology, and from the data files
of th& Atmospheric Analysis Laboratory of the Geophysics Re-
search Directorate. The data were entered on WBAN-I maps, a
Lambert conformal conic projection '.ith a scale of 1:12,500,000,
for the following eight levels for 0300 GMT and 1500 GMT of
each day; surface, 1000, 850, 700, 500, 300, 200 and 100 mb.
Figure 4.1 shows the areas of data coverage, analyses, data
tabulation and forecast results.

The analyses of the map series were begun with the
surface maps for each day, with time continuity established by
tracing pressure centers, troughs and ridges f-om map to map.

Data were sparse in the Pacific Ocean area, so the coded
analysis of the San F,-ancisco Weather Bureau office was used.
The upper-air maps *aere analyzed on a light-table with the
analyzed maps for the next lower level beneath them, which
aided the maintainance of vertical continuity, although dif-
ferential analysis would have been preferable if manpower
and time had allowed. A smooth contour analysis depicting
the major flow patterns was desirable for numerical predic-
tlon computations, and this was easily carried out on the
lower-lvel maps while still fitting all radiosonde data.
At the 200 and 100 mb levels, however, the accumulative temp-
Aratare errors caused se mingly erratic station reports,
which indicated very irregularly shaped systems and seemingly
unrealistic flow patterns. The analyses at these levels were
therefore in general tied to the lower layers to depict smooth
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large-scale flow patterns. Frequent errors in the radio-
sonde data received necessitated a close check on all map
data. Rported heights, which did not appear to be con-
sistent or were not in agreement with the general flow
patterns, were re-computed from the ground level using the
equivalent isothermal layer method. Some stations consis-
tently reported either lower or higher heights than sur-
rounding stations due to the use of different radiosonde
equipment or calibration techniques, and this was taken
into consideration in the final analysis. There were a
total of 496 maps analyzed for the month of January 1953.

When the analyses were completed a square grid
of 17 x 23 points was placed on each map (Fig. 4.1). At
each grid point the height was interpolated to the nearest
ten feet and entered on the map. The values were checked
and transferred to tabulation sheets in preparation for the
computations carried out on a high-speed electronic computer.
Special attention was given to the data from the 1000 and
500 mb maps, as these were the levels used to test the per-
formance of the thermotropic model and that of the baro-
tropic model.

4.5 Characteristics of January 1953

Before unlertaking the synoptic summary of the
forecasts themselves, it is appropriate to discuss the gen-
eral characteristics of the period for which these were per-
formed. Records of the weather of January 1953 show that it
-,,-; not a "typical" or "normal" month from the point of view
of actual weather, in spite of the appearance of the usual
number of large scale disturbances It was a month of ex-
tremes in the Northern Hemisphere.1 3 The United States
expcrienced one of the warmest Januarys ever recorded; cold
polar outbreaks were usually weak and of short duration, the
most severe cold outbreak occurring on the 15th and 16th in
the Great Plains and Mississippi Valley area. Precipitation
was twice the normal in the Pacific northwest, southern
Florida and New England, and generally above normal over the
rest of the United States. The strongest development of the
mcnth occurred when a surface low formed in Texas ot, tho 8th
and moved to the southeastern United States, accompanied ty
heavy rain. This storm then moved northeastward and gave
heavy snow and ice to New York and New England (see Appendix).
On the 14th a cyclonic development on a (.old front from the
Pacific hit Salt Lake City with heavy snow.

The mean 500 mb map from the project's analyses,
when compared with the normal January 500 mb map, shows above
normal heights over the western United States and over the
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north central and northeastern United States, with below
normal heights over western Canada and the southeastern
United States (Fig. 4.2). The major trough was located
east of its normal position. The zonal flow near the west
coast of the United States and Canada was considerably
stronger than normal as indicated by the positioning of the
centers of height anomaly. The mean jet stream location
(200 mb) was along the northwestern United States border,
then southeastward through the southeastern United States
and then northeastward off the east coast of the United
States, passing just east of Newfoundland. The favorite
surface storm paths for the month were from the north
Pacific along the northern United States border and from
the southern Great Plains northeastward over the Great
Lakes. Surface pressures were below normal over all of
the United States, except the far southwest.

4.4 Synoptic Study of Numerical 500 and 1000 mb
Forecasts

The verification of prognostic maps obtained using
numerical methods or other uechniques is a difficult problem.
Statistical methods such as tliose employed in Section 3 can
give an estimate of the accuracy of the forecasts but many
questions remain unresolved. From a synoptician's viewpoint,
the final analysis as to the value and usefulness of numtr-
Ical methods depends on the accuracy in forecasting displace-
ri, nt of pressure centers, troughs and ridges, the accuracy of
the .ind forecast, and the usefulr-,-.* of the forecast maps in
prediLting the actual weather.

A comparison of prognostic maps obtained using
numerical methods with those obtained using the conventional
field techniques is one .:ay of estimating the general level
of p .rformanoe of the numerical methods. 0 Comparisons of
,ht: type have been made in the past. Ir i51 a set of

:enty-t.,o consecutive 24-hour forecasts at 500 mb from the
i.nearlzed barotropic theory were compared .;ith synoptic
forvcaits at the Atmospheric Analysis Laboratory of the
Geophysici Research Directorate. Correlation coefficient.
if the forecast versus observed changei and examination .if
,he errors indicated that the two types of forecasts ,erQ
of approximately equal accuracy; the average correlation for
numerical methods was +0.73 and for synoptic methods was
+0.*(°;. Gates1l showed a comparison of a numerical forecast
and a synoptic forecast at 500 mb which indicated that the
t.;o method. were of comparable accuracy in the case examined.
The sixty numerical forecasts of the present series were
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-it!. frorecasts ci. -:ned : s -!1-r' other te.-hniques and,
in a 1t'icn, v,,ere e d~d tde- ecr,-::ne the re as ons be h~nd
LJnt dist,-rib;tio. of vario,-s types or errors, in an attempt
to discover weaknesses in ta) riethod

4 .4.1 Ditibzno elrroirs

Exanminat ion of " ar a-ry 1953 forecasts revealed
that there was a nczcoa eograp,-ical distrib,_ti "on of the
mean height--chnange -?:io---s . 4.3 cshows th~is error dis-
tribat Ion f"or .,he 700) i~rlobtop 500 mb thI-ermotropic,

100 tero: or~,a.-_J !,00 -bO m thermotropic
.ickrness -'Icas s. wo c rips w~e-e ot-alned by

slbtactlng -Te a .- _.L - . c~.~2Kr at each grid
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errors. In western Canada the tendency to forecast 500 mb
heights too low, and thickness values too high, resultEd in
1000 mb height forecasts having a large negative mean error
in that region. Deep 1000 mb lows were erroneously forecast
to move into western Canada from the Pacific during the fore-
cast series.

The forecast results were studied to determine
whether there was any consistent relationship between the
forecast error and the initial flow patterns at 500 mb.
The errors were plotted at the grid points for each of the
sixty cases and isoline analyses were made. The geographical
locations of centers of error of more than 300 feet were noted
relative to the trough and ridge pattern at 500 mb. Figure
4.4 shows that there is a tendency for positi,e height errors
to be iocated ahead of the 500 mb troughs and the negative
errors to be located to the rear of the 500 mb trough and
ahead of the following ridge, This is evidence that the
numerical methods generally forecast too slowa movement of
the trougli and ridge patterns. The same impression is ob-
nIned by merely looking through the series of forecasts.

Error centers adjacent to the boundaries were not used in
Fig. 4.

The numerical forecasts .,:ere more accurate over
*he eastern United States than elsewhere over the grid. This
fact ..as shown by the average point correlations, root-mean-
square errors and average errors (Section 5). The day-by-dayobscrvcd helght changes were as large over the eastern United
"tatecs as over the rest of the grid. The size of the actual
height changes, therefore, cannot be used to explain the
difference In forecast accuracy over the grid area. 1'actors
. 1ch may have contributed to the differences in accuracy are
the h1 h data density over the eastern United States, the
distance of the eastern United States from western and north-
ern computational boundary errors (which are the boundaries
most affecting the forecasts), the inaccuracies in the data
over the western portion of the grid due to the mountains
and tht flow barrier, and thermal block effects of the moun-
tains in the .Aest. The high level or accuracy of the fore-
cast. over the eastern United States Indicates that with an
increase in the density and accuracy of upper air and surfac(,
data, a larger initial grid and Incluziion of terms in the
v-qultions to take the mountain effects into account, ,e might
be able to improve the numerical forecasts over a much larger
area to a level of accuracy approaching that attained over
he eastern United States.

The 500 mb forecast average error maps show negative
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errors in the northern portions of the grid area and posi-
tive errors in the southern portions. This indicates that
both the barotropic and thermotropic models overforecast
the zonal wind on the average during the month.

4.4.2 Forecasts at 500 mb

Messrs. Hering and Mount of the Synoptic Section
of the Atmospheric Analysis Laboratory included a study of
results of the numerical forecasts in their recent evalua-
tion of forecast techniques. They measured the 500 mb
gradients forecast over six stations in the United States
using the 24-hcur numerical forecasts on fifteen days with
identifiable surface cyclonic centers. The average wind
vector error of the forecasts was 26 knots. They note that
the Air Weathe' Service forecast capabilities study found
the average 500 mb wind vector error of a synoptic fore-
caster to be 25 knots. The distribution of numerical pre-
diction errors is found in Fig. 4.5. The forecast area was
divided into four sections, ten degrees of latitude by
twenty degrees of longitude. The average zonal and merid-
ional w.nds were obtained in each section by averaging
the height differenccr on opposite sides of this 10 x 20
degree area. For comparative purposes the errors obtained
using persistence, extrapolation of past 12- and 24-hour
charige, and the normal January map as a height gradient
forecast are presented along with WBAN and numerical fore-
casts for each section in Tables 4.1 and 4.2. The wind
component error of the numerical 24-hour 500 mb forecasts
and "f WBAN's 36-hour 700 mb forecasts is, on the average,
about equal to the observed change. There is, on the
average, a noticeable overforecast of the gradients by
numerical methods for all the 10 x 20 sectors as well as
for the single stations.

The displacement error of the 500 mb trough
forecast by numerical methods -;as measured at the latitude
of the surface low for the fifteen cases -ith identifiable
surface lows. Tha average error of the 24-hour trough
forecast was 1.t degrees latltude (or about 160 nautical
miles) for fot'rteen cases; the fifteenthcas , had no identi-
fiable trough on the verification map. Vorticities in the
500 mb troughs for the fifteen cases with surface lows were
computed using a 6' latitude &rid. The 24-hour maximum
vortlcity change forecasts obtained using numerical methods
were compared with the observed changes (Table 4.3). The
numerical methods forecast the correct -ign to the develop-
ment In every case. On the average their forecast error of
the vorticity change was about half of the observed change.
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Table 4.3 -- Maximum Vorticity Measured in 500 mb Troughs
Using a 6-Degree Latitude Grid

NWP Observed 24-Hour 24-Hour NWP
Run 24-Hour 24-Hour Observed NWP Fcst. Change
No. Verifies Fcst. Initial Final Change Change Error

1 2 Jan 53
15Z 42 55 30 -25 -15 12

2 3/03Z 28 35 25 -10 - 7 3
6 5/03Z 22 48 18 -30 -26 4
7 5/15Z 22 20 21 1 2 1
8 6/03Z 28 18 35 17 10 - 7
9 6/15Z 32 21 25 4 11 7

27 15/15Z 32 25 28 3 7 4
28 16/03Z 3c 40 28 -12 - 5 7
45 24/15Z 30 48 38 -10 -18 - 8
46 25/03Z 38 30 50 20 8 -12
51 27/15Z 25 25 28 3 0 - 3
52 28/03Z 3. 35 32 - 3 - 3 0
59 31/15Z 40 38 50 12 2 -10
60 1 Feb 53 48 35 50 15 13 - 2

03z

(1



w
at

a eIL

Fig. 4.5S

72



This indicates that numerical forecasts generally underfore-
cast both increases and decreases of the large-scale circula-
tion intensity as measured in such a manner. The results of
Hering and Mount's study of the 500 mb numerical forecasts
give added indications that numerical methods are presently
as accurate as other short-range forecast techniques at 500 mb.

4.4.3 Forecasts at 1000 mb

Hering and Mount in their forecast evaluation
studies also compared the 1000 mbnumerical forecasts with
forecasts made using conventional methods, as represented by
WBAN's surface prognostic charts for the month of January 1953.
Correlation coefficients were computed between the observed
30-hour surface pressure changes, and the changes predicted by
WBAN for the January 1953 forecast series. A uniformly spaced
grid of twenty stations covering the prediction area of the
numerical forecasts was used to obtain such values for the
WBAN pronostic charts. Correlation coefficients for the
30-hour .arface forecasts are shown together with the coeffi-
cients obtained for the numerical 24-hour 1000 mb forecasts
in F~g. 4.0.

These results show that the two methods are of
comiparabl% accuracy, .,;Ith the coefficients for the con-
v%-n.nional forecasts averaging slightly higher in spite of
th, longer forecast period. The root-mean-square coefficient
of the series of fifty-eight WBAN prognostic charts ias 0.75,
as compared to 0.u4 for the numerical forecasts. It is in-
terecting to note that ",TBAN and NSP curves are in phase with
theIr good and bad forecasts colnc!ding.

The 1000 mib forecat. ,.: c analyzed to determine
th%; accuracy in predictlng t' o di laoement of low-pressure
c ntrs. Verification ,ias Inilally Intended to Include
all ;cycionlc centers with identlfleble InItial and sub-
.;equent 24-hour positions fal1'2. ,,thi; the forecast ,rid.
Ho.; -ver, the boundary conditions pVoduced a marked Influence
on thc: pr.dicted position of those centers located near the
outcr limts of the srid area. This effect on the evalua-
tion ,as reduced by eliminating all castes with final .storm
locations ,Ithin tlo grld points of tre boundaries. A
total of fifteen cases, were avallabl.! from the January
forecast serles. The obsterved and predicted 12- and 24-
hour posltions ar shoan In Figur2 4.7.
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For comparative purposes, a similar evaluation was
made of the forecasts prepared by WBAN for this series of
fifteen test cases. The surface prognostic charts transmit-
ted on the facsimile network during January 1953 consisted
of a 30-hour prediction of the pressure pattern, plus the
forecasted 18-hour positions of pressure systems and frontal
systems. The predicted 24-hcur position of a low pressure
center was obtained as a mid-point of a line connecting the
18- and 30-hour positions. These conventional forecasts
cover a period which begins three hours later than that of
the numerical forecasts.

Comparative results are shown in Table 4.4 and
Figure 4.8, The observed final positions and tracks have
been superimposed in Figure 4.8, euch that the position
error is given by the distance from the forecast point to
the center point. The direction error is defined by the
deviation from the horizontal line, and the speed error by
the differences in line lengths connecting the initial po-
sitlons with the center point and initial positions with
the forecast~positions. The overall accuracy for this test
sanple is essentially equal to that of the conventional
methods of pressure pattern prognosis. The numerical dis-
plaoement forecasts show a striking tendency to underestimate
the speed of the 1000 nib cyclonic centers. The predicted
24-hour speed was too slow in each of the fifteen forecast
situations, resulting in a mean algebraic speed error of
about minus three degrees of latitude per day. A bias of
an equal amount was noticed also in the 12-hour displace-
ment forecasts. This systematic error appears to be
primarily due to a tendency to overestimate the actual
contour height at 500 mb in regions of anticyclonic cu.-
vature and underestimate, although to a lesser extent, the
contour height n trough areas. Since cyclonic centers
are commonly located between a ridge to Lhe east and a
trough to the west in the 500 mb pattern, the error tends
to position the 1000 mb storm center too near the trough
or cyclonic vorticity center at 5n0 mb.

A comparative evaluation was also made of fore-
casts of intensity changes for this sample of fifteen
cases. The measure of intensity was arbitrarily chosen
as the gradient of pressure over a six degree latitude
distance averaged for the four cardinal directions from
the center. Results of the test are summarized In, Table
4 . 5 . Figures in the table show the nuLmber of occurr nces
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TABLE 4.5

FREQUENCY DISTRIBUTION OF INTENSITY
CHANGES OF SELECTED CYCLONES
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Table 4.4 -- Compa tson of Nu7 rical and Synoptic 24-hr
jrecasts, L cases, January 1953.

DirecL on Error Spt d Error Position
in Deg. in MPH Error in

Deg. Lat.

Ave. Mean Algebraic Ave. Mean Algebraic

NLm-:rical
Foreuast - 10.7 0 8.2 -8.2 3.4

\ BAN
Forecast - 12.1 R5.2* 5.8 2.0 5.2

'R desTrnvaes deviation to r .ght when facing do ,.n, lr-am.

'9



of a particular combination. Numbers in parentheses are
the results of the WBAN thirty-hour forecasts; other num-
bers show results of the 24-hour predictions by numerical
methods. It is interesting to note that intensification
of surface cyclonic circulation was predicted by the
numerical method in only one case, whereas it was observed
to occur in eight of the fifteen situations.

In addition to the study of the surface (1000
rb) forecasts an attempt as made to relate the accuracy
(as indicated by correlations) of the numerical forecasts
to the initial conditions on the surface map. No signif-
icant relationship was found. With initial conditions
which appear to be similar, the accuracy of the numerical
forecasts varies greatly.

It was noted that in the immediate area of low-
level cold polar outbreaks, the 1000 mb height rises were
not forecast very accurately by the numerical methods.
This may be due to the fact that this low-level cold air
advection is generally an ageostrophic advec'tion and,
therefore, cannot be detected by the cquatlons. The
overall correlations do not reflect tiis error as the area
wherein this advection takes place is generally small com-
pared with the total grid area.

During the major cold polar outbreak uf tht" moit
on the 15th and 16th, the averaged correlations of forecast
versus observed height changes for the four cases were
above the monthly average at both 500 mb and 1000 mb. The
four 500 mb cases averaged + 0.79, as compared with the
monthly average of + 0.74, and the 1000 mb cases averaged
+ 0.70, as compared with a monthly average of + 0.u. . The
movement of the major storm of the 8th and 9th was forecast
well, but the height rises connezted with the cold air
advection to the northwest of the storm were not well fore-
ast. The case of 14 January, when Salt Lake City had a

heavy snowfall, was a case where the numeri'al method pro-
duc- d a poor forecast of the movement of the low center.
Tht, center was forecast to move too far north and the
height values of the center were forecast considerably low-
•,r than were observed.
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4.4.4 Location of jets and fronts

How well one can forecast the location and strength
of the jet stream (or zone of raax1m' winds) at 500 mb using
the numerical prognostic maps, is undoubtedly of interest to
the syroptician. A case-by-case examination of the 500 mb
forecast and observed maps (see Appendix) revealed that the
maximum gradient at 500 mb is usually well placed by the
numerical forecasts but, on the average, a tighter gradient
is forecast than is observed.

The ability to locate the surface frontal systems
on the numerical 1000 mb prognostic maps is another point of
interest. Examination of the 1000 mb forecast and observed
maps leads to the conclusion that the surface frontal systems
generally cannot be successfully located on the prognostic
charts. Attempts to locate the frontal systems by placing
them in the 1000 mb trough lines results in gros., errors in
a high percentage of the case,.

4.4.5 Vertical motions

The series of numerical computtLions has provided
computed instantaneous vertical motions in the 1000 - 500
mb layer for the initial time for each of thU.h sixty fore-
cast cases. These are the mean vertical m1n.Lons through
the wholte layer. The maps showing the geographical distri-
Lbution of these vertical motions are included in the
Appendix. It Is interesting to note, in general, the com-
putations result in mean ascending motion in the quadrant
to the northeast ef surface low centers, where forecasters
normally expect major precipitation, and descending motion
to the southwest of surface low centers, where rapid
clearing is to be expected. This places the centers of
ascending motion to the east of the 500 mb trough and the
center of descending motion immediately to the rear of the
500 mb trough, as might te xp,.cttdZhe normal rate of speed
of the vertical motions at the centers is about 4 cm/sec,
; ith maximum ascending motion speeds of 12 cm/sec during
the month, and maximum descending motion speeds of 8 cm/se.

The map of vertical motions for 1500 OMT of 16
January (Figure 4.9) shows a typical distribution of
values. Ascending motion was occurring northeast of the
low center in eastern Canada with m.ximum values of 6 cm/ 3ec.
General cloudiness and steady precipitation was occurring
in this area. A large area of descending motion lay

i$
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southviest of the surface lo-, center -,ith mal'Umum values of
4 cm/sec, and generally fair -weather w.,as present over the
wihole area of descending motion. An area of ascending
motion was associated w,.ith a surface lo& center in western
Canada, but the maximum strength of the motion aas confined
to a smaller closed area of 2 cm/sec. Variable cloudiness
and scattered precipitation was the condition in the north-
western United States and southw, estern Canada. In the
southwestern United States there was an area of descending
motion connected .ct.a surface high pressure call in that
locality with ~eeally clear skies. The maximum vertical
speed ,.as 4 cmsec.

.5Case Studies of the 500-1000 mb Thickness
Forecaots,

The thermotropic model employs the 1000 - 500 mb
thickness value as one of its parameters In forecasting
for the 500 mb and 1000 mb levels. The 1000 mb forecasts,
boy the nature of the thermotropic model, have errors in
them which are introduced by both the 500O mb equation and
the 1000 - 500 mb itickness equations. Thus, with a
perfect thickness forecast, the 1000 nib prognostic map
.;onild still have the errors whih:ero present in the 500 mh
forecast. Since the 1000 mb verifization An not indicatQ
the degree of laccuracy of' the thickn-. rcat- for the
above reason, and in consideration of thc interoszt of the
field foreca.ster in the use , of' thicknr-ns mapz3, a fe4- oasez;
were chosen in order to make a ,Ia~ser -udy of the performv-
anc of the thickness equation Lind to attempt t1.o discovter
poss ihie sources of rror.

Three c:azse aere choscan for 4study There the
ec)rrelations :ere relatively hig-h for the '5000 nb foroca,,tz..-
and quite low. for the 1000 mb forecasts, indicatino. thait
th, re a major error In the thicknesL- foreca.-ts. A
fourth ea ;e .,as chosen because it -aas unique in the Lerio; .
In this case the~ 500 mb correlation -.'as lo.: and the 1000 m~b
correlation ,.aa relatively high. The thickness boundary
ervors -uere averaged for each of the tinirty-one points and
plotted on a map covering the verification area (Fi,,ure
-4.10). The larsest average errors appear i.. the. northeast
corner of the grid area. The values on the north boundary
averaged 1.5 to 2 times the values on the south boundary.
This probably accounts in part for the relativelylre
errors w~hich occurred in general in the northern portion
of the grid area.
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The dates and correlations of the four selected cases
are listed below:

Initial Time R5 0 0  RI1000

Case 1 9 January 0300 GMT 0.62 0.08

Case 2 7 January 0300 0.80 0.32

Case 3 13 January 0300 0.76 0.17

Case 4 19 January 1500 0.28 o.84

Case I

This case is of greatest interest in the north-
western portion of the grid where very large errors occurred
in the thickness forecast. The initial 500 mb map (Figure
4.11) shows a moderately strong trough over the central
United States which developed during the forecast period
into a deep low center over Alabama with generally straight
'aest-east flow over the rest of the grid. The 1000 mb maps
showed a low center moving from the Mississippi - Alabama
border to Georgia during the period. The initial map had a
deep low off the northwestern coast of the United States and
th,, final map had a low center Just north of North Dakota.

The predicted 1000 mb map agreed with the ob-
served map over the eastern United States but was very much
in error in the northwest, where a deep low was forecast
in the region into which a ridge of high pressure was ob-
serv id to move. The 500 mb predicted map had a contour
pattern similar to that of the observed map but the gradient
was forecast too strong in the northwest.

The 500 mb forecast error map shows that the over-
ly strong gradient predicted in the northwest was a result
of forecasting 600 foot excessive height rises in the north
central portion of grid, and 600 foot excessive falls in
the nortihest corner of the grid. The latter error may
well be a boundary effect, but the error in overforecasting
tve anticyclonic buildup in the north central is a feature

II
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which appears in many of the forecasts, and is apparently
inherent in the .,4uations or methods of solution.

The 1000 mb error map shows heights predicted
1000 feet too low in western Canada and 800 feet too high
over the eastern Rockies. The thickness error map shows
the amount of error contributed to the 1000 mb map by the
thickness forecast. There is an area of 1000 foot thick-
ness error in the region of the large 1000 mb error. A
400 foot error near the northwestern corner of the grid
is of the same size as the boundary error and is likely
a direct result of the boundary error. The boundary error
values north of the major thickness error of 1000 feet are
smaller than the monthly average values of boundary error,
and cannot very well be considered important in producing
the large error. Examination of the 1000 mb and 850 mb
charts revealed an ageostrophic iflow across the packed
thickness lines producing cold air advection in the region
of large error whereas the contour lines did not indicate
this advection.

The initial thickness map shows a pattern very
similar to the initial 500 mb map. From these two maps
there is no reason immediately apparent for expecting
warming in western Canada. Anticyclonic thermal vorticity
values along the southwestern Canadian coastline due to
slight anticyclonic curvature and wind shear may have
contributed largely to the forecast, as these values of
vorticity would have been advected by the equetions into
the region of large error. The forecast thickness map
shows how the ridge of thickness values was built up in
central Canada and the gradient was decreased in western
Canada. The observed thickness map shows that there was
actually a decrease in thickness acrocs the western half
of Canada and a maintenance of the strong west-east
gradient.

Speculating on the possible reasons for the
large thickness errors in this case, it appears that the
following factors are the most probable reasons for the
errors:

(1) The nongeostrophic flow in the low levels
may be an important contribution to the thickness decreases
over the period by advection of cold air at these levels.
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(2) The forecast equation may not give proper
weighting to its individual terms, since the coefficients
of the thermal advection terms in both equations were empir-
ically determined. Theoretical work done since the tests
were carried out indicates that the coefficients were
probably too small.

(3) The mountain barrier effects may be impor-
tant in this case, with a very strong west-east component
to the wind.

Case 2

This case is of major interest in the area just
south of Hudson Bay where there was a 600 foot error in
the thickness forecasts. The initial 500 mb map (Figure
4.12) shows a very flat trough over southern Hudson Bay,

weak to moderate west-east flow over the United States
and a low center in w;estern Canada. During the period
there was little change in the pattern, with small height
rises over southern Hudson Bjy. The 1000 mb maps were
much the same at the beginning and end of the period, with
a deep low off the northwestern United States coast, and
a eak low over the south central United States; there was
an increase in the 1000 mb heights over Hudson Bay.

The predicted 500 mb map has a strong ridge
built up through the central United States and Canada and
a strong gradient across the northern United States and
southern Canada. The correlation coefficient is misleading
in this case, since the forecast and observed changes are
pretty well in phase as to sign, thus giving a good corre-
lation, whereas the equations overforecast the size of the
changes by a considerable amount. This tendency to over-
forecast height rises in the vicinity of ridges is illus-
trated again by this case.

The predicted 1000 mb map has a low off the
north,: coast of the United States much deeper than ob-
served and strong high centers southwest of Hudson Bay and
over Lake Michigan. The 1000 mb error map shows the extent
of the overforecast of high pressure southwest of Hudson
Bay In the same region of maximum 500 mb error.

The thickne.s error map shows that sizable thick-
ness decreases were forecast in the Hudson Bay region re-
sulting in errors in excess of 600 feet. Boundary errors

8 c
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were very small to the north of this major error and cannot
account for the errors. The predicted and observed thick-
ness onange maps indicate that the strong warming which
occtrred in southwestern Canada was forecast, but show that
very little cooling occurred over Hudson Bay where strong
cooling was predicted. The predicted and observed thickness
maps show how the fcrecast of strong cooling over Hudson
Bay resulted in a poor thickness forecast. The thermal
gradient along the United States - Canada border was fore-
cast much too strong, and a trough over Hudson Bay was fore-
cast to be much too deep.

The initial thickness and 500 mb maps indicate
that the forecast of lower thickness values over Hudson Bay
was probably caused by the advection of increased cyclonic
vorticity values into that region, and not from advection
of cooler air in the layer. The initial maps indicated
some slight warm air advection south of Hudson Bay using
the 500 mb flow and the thickness lines as the temperature
field. It appears that the advection of vorticity was
weighted too strlngly by the equations in this case.

uase 5

In this case there is a sizable thickness fore-
cast error in the region near the western United States -
Canada border. The initial and observed 500 mb maps
(Figire 4.13) show a relatively unchanged zonal flow
through the period, while the surface maps show a buildup
of a polar high in western Canada. The predicted 500 mb
map shows good agreement with the observed map, while the
predicted 1000 mb map shows a deepening trough extending
along the western United States - Canada border.

The forecasz error maps emph~size the accuracy
of the 500 mb forecast except near border points, while
showing a 600 foot error in the 1000 mb forecast along the
United States - Canada border. The thickness error map
shows that thicknesses were forecast more than 400 feet
too large in the area of maximum 1000 mb error. Other
large thickness errors are located near regions of large
boundary errors. The observed thickness change map shows
that. there was cooling in the layer over a large area in
northwestern United States and Canada, whirens there were
thickness increases forecast in some portions of this
region.
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The initial and observed thickness maps show that
the thermal jet moved southward from western Canada into the
north central United States, whereas the forecast did not
move the thermal jet southward. The 500 mb flow, as well as
the low-level flow, had a component across the thermal gra-
dient so as to cause colder air to be advected southward
into the north central United States. It appears that the
equation weighted the advection of anticyclonic thermal
vorticity into the north central United States to the point
of forecasting thickness increases rather than decreases.
Results of the verification studies carried out on the
month's data indicate that the forecast equations tend to
consistently overweight the vorticity advection effects,
and underweight the effects of thermal advection.

Case 4

This case will not be discussed in detail. This
was the case of a poor 500 mb forecast and a good 1000 mb
forecast (Figure 4.14). The 500 mb errors were small and
scattered. The low correlation indicates that the forecast
and observed changes patterns were out of phase, and the
major error apparently was one of not moving the systems
fast enough from west to east. The initial thickness
pattern was almost identlzal with the 500 mb pattern as
the surface flow was weak. The thickness forecast was
similar to the 500 mb forecast with errors of similar size
and location. When the thickness forecast was subtracted
from the 500 mb forecast the errors cancelled and the re-
sult was a 1000 ... prognostic map with practically no
errors. The similarity of the two forecast equations is
shown here by the similarity of the thickness and 500 mb
forecasts and the error distributions starting w t.h sim-
ilar patterns.

4.6 The Thermotropic Model as a Forecast Technique

The thermotropic model can be regarded ho a
practical operatioual forecasting technique considering
both accuracy and time involved. There are severa' ad-
vantages in numerical methods over the conventional
field techniques. Numerical weather prediction is an
objective technique, not subject to errors of oversight or
the physical nr mental conditions of a forecaster. The
assumptions made in developing the equations are at least
internally consistent. While their solution requires no
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knowledge of preceding weather in forecasting for a limited
area, boundary conditions are required which may include
information of past weather. Numerical methods are con-
sistent in that they will always give the same forecast
with the same initial and boundary conditions, and offer
the mean vertical motions in the 1000 - 500 mb layer as
a by-product of the forecasts. Finally, a number of factors
contributing to pressure changes can be more exactly
weighted individually and collectively by numerical methods
than by subjective techniques; vorticity advection effects,
for example, are objectively determined. An important as-
pect of numerical methods is that they are still in the
development stage and can be expected to show continued
improvement with time.

Some disadvantages are also evident in this and
other numerical models. First, one may mention that numer-
Ical methods are sensitiv, to errors in analysis; the
analyses of initial data must be smooth and accurate to
obtain best forecast results. Sparse data over a region
are more of a handicap when using numerical methods than
.hen using che conventional field techniques; data are
generally required over a much larger area than the area
of forecast results. Second, arbitrarily assumed boundary
values produce errors, and errors are introduced by finite-
difference methods of solution and other mathematical
approximations. Most models now in use do not yet have
provisions for taking the terrain effects and thermal
source effects inzo account. Therefore, additional errors
are introduced into the forecasts from these sources. As
far as the equations are concerned, pressui systems act
the same over oceans and continents, over warm sources
and cold sources. Strong cold polar outbreaks into the
United States in winter normally occur with a strong
age-strophic component to the winds in the levels below
500 mb; quasi-geostrophic models, such as the thermotropic
model, cannot predict taie changes occurring due to this
cold air advection. There are some cases in the January
1953 series where the numerical forecasts missed strong
surface pressure buildups which occurred with strong low-
level cold air advection. The area of the grid which
was most affejted by this type of error was just east of
the Rocky Mountains along the Unitee States - Canada
border.
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4.7 Summary

The tests carried out on the thermotropic and
barotropic models indicate that numerical prediction has
developed to a point where usable forecasts can be made
on a roatine daily basis at upper levels and near the
earth's surface. Comparisons between numerical methods
and conventional field techniques using the same data
show that the ntwnerical methods are consistently as
accurate a forecasting technique as other available
methous. The thickness equation in the thermotropic
model apparently forecasts as accurately as the 500 mb
equation, but the overall accuracy of the 1000 mb fore-
casts is somewhat lower than the 500 mb forecasts due
to the accumulation of errors from both tie 500 mb and
thickness forecasts.

The barotropic and thermotropic 500 mb fore-
casts -ere so similar, as shown by the statistical
study o.' Section 3, It must be assumed that (1) the
equati-ns themselves are, in effect, nearly identical,
(2) the mothods of computation influenced the results
to such an extent that the results were forced to be
similar, or (3) that January 1953 was a month in which
the atmosphere was equivalenLly '"arotric throughout.
Cases such as those of 8 and 9 January make the third
assumption appear unlikely. Sections of the maps on
these dates showed very strong thermal advection and
yet the barotropic and thermotropic forecasts were
similar in these regions.

There are a number of causes for errors In the
numerical methods which must be eliminated in order to
improve further the technique.

(1) The mountains in the western United
States and Canada are important as a flow barrier and
as a thermal barrier between the cold polar source in
Canada and the relatively warm Pacific Ocean. The effects
of the terraln should be included in numerical methods to
improve the forecasts near mountainous areas.

(2) The method of boundary specification
should be improved in order to reduce th3 errors intro-
duced by the computations involving incorrect boundaries.
The re.3ults of these tests have shown that the boundary
errors are occasionally an important influence in the
forecast even at interior grid point-..
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(3) The quasigeostrophic character of the equa-
tions should be altered in order to account for the effects
of strong thermal advection due to a nongeostrophic win]
component. There were several cases of polar outbreaks
occurring during the month which were misforecast by the
model.

(4) The method of computing and advecting vor-
ticities apparently produces errors under certain condi-
tions. With strong shear conditions, for example, there
is a tendency to produce too great a height change down-
stream, which is particularly noticeable in several cases
where strong anticyclogenesis was predicted in a region
downstream from a region of strong anticyclonic shear.
This anticyclogenesis was not observed. In some cases,
when the vorticity advection and thermal advection were
working to produce height changes of opposite sign, the
vorticity advection was emphasized by the equations with
the result that height changes of the wrong sign were
predicted.

(5) A predicted 1000 nb chart may not best be
obtained by combining thickness forecasts and 500 mb
forecasts. Errors are accumulative in mout. cases, re-
sulting in a decrease in the accuracy of the 1000 mb
forecasts, as compared with the individual 500 mb and
thIckness forecasts.

The fact that the thermotropic model employs
thckIness forecast,: !o synoptically interesting. Thick-
ness patterns relative to storm tracks and the development
of systems have been the subject of many synoptic stude',
ircludin .a comprehensive study by Sutcllffe and
worsdyke,- and interesting applications by George and
Owen. The numerical prediction project. has us.ed the
thickness forecast only is a means t.. obtain a 1000 mb
forecast., and the verification progxam was concentrated
on the 500 mb and 1000 mb forea a . The only thickness
forecasts evaluated thus far are included in the present
study. Considering the general interest of meteoroic-
gists, particularly synopticians, in the thlkne,3s m,
a more complete study of the numerical thlckness forne-
-ast is in order.
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The continued development of numerical methods
promises to produce better forecasts in the future. The
mountain effects can and should be incorporated into the
equations. The boundaries can be moved far frum the
region of forecast interest to reduce their effects or
other methods of solution can be employed. Continued
research should provide answers as to the best methods
of vorticity computation and advecti on, the inclusion of
nongeostrophic wind components, and the best levels at
which to employ the numerical methods. It is hoped that
numerical methods will eventually be able to supply the
synoptic meteorologist '.,ith an accurate, objective
prognosis cf the flow patterns from which he can predict
the precipitation and cloud condition by associated
studies, and by consideration of local influences on
the overall weather pattern.

5. General Summary and ConcluL 'on

The series of numerical forecasts described in
this repo.rt constitutes perhaps the first extensive
study of the barotropic and simple baroclinic nonlinear
atmospheric models over a 'ide range of synoptic con-
di4tl'.s, and lay the groundw.:ork for the further system-
atic -study of the behavior of numerical prediction
models. The further research suggested by this w:ork,
.,'ih has been discussed in sections 5.6 and 4.7 in
connection with the statistical and synoptic forecast
evaluations, stems from a number of general character-
Istics of the results and .,hich may be sumnarized as
follows.

(1) Perhaps the most striking characteristic
of the numerical forecasts Is the high degree of similar-
.ty bet,,een, the barotropic and thermotropic predictions

for, the ;010 rb level. In ,ach case of the series of 60
forca'%ts, tnad, from the initial data observed every 1L2
hours at 05Z and 15Z during the entire month of January,
1955, the barotropic solutions have been found to account
for the position and orientation of the large-scale dis-
turbances. In some cases important differences in the
forecast amplitude changes of the disturbances were found
between the two models, but -,,ere on the average small and
riot signIficanitly different on the statistical basis of
the correlation between predicted and observed ctringes.
This evidence reflects the quasi-barotropy of the atmos-
phere on an average basis, and strongly suggests that the
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baroclinic component of the flow introduced by the thermo-
tropic model at 500 mb is in gener _ relatively small, and
that for 24-hour forecasts, at leabu, the atmosphere m'y
be considered either equivalent-barotropic or thermotcopic
for the purpose of predicting the flow in the middle tropo-
sphere.

(2) A second important characteristic of the
numerical forecasts is the marked influence of the lateral
boundary conditions imposed during the relaxation process.
These conditions not only seriously altered the computed
changes in the immediate vicinity of the boundaries, an
effect which was, of course, anticipated, but in addition
frequently extended their effect well into the interior
of the forecast area. For those cases in which there ,-,,as
a large change in contour height imposed on the boundary,
the predictions are in general noticeably poor; this
circumstance frequently occurred over the northwestern
U. S. and southwestern Canada. These boundary effects in
general appear to have affected the barotropic and thermo-
tropic forecasts in much the same manner, and in the regions
near the boundaries probably account for the similarity of
the forecasts.

(3) A third important feature of the nume.-Icil
forecasts is the high level of both statistical and sytiop-
tic performance over the eastern half of the United 3tate2.
In this area, the 2 4 -hour forecasts for both the 500 and
1000 mb levels correlate with the observed changes at 0.8
- 0.9, and consiste:ILly display the correct position and
orientation of the large-scale distuarbances, as may be s6er
f;'om an inspection of the maos it,: the Appendix. The fields
of computed vertical motion Afso bear out many familiar
synoptic relations between the vertical velocity and the
,'ynotic pattern. A tendency is evident, howver, for the
models to slightly underforecast the observed l:tensity
chzinges and the speed of propagation of well developed
diz-turbances. On an average basis the models appear to
produce better forecasts in the eastern and southwestern
U. S., with poorer average performance in the central
plalns States. This average behavior is suggest.i vc of an
important effect of the Rocky Mountains upon the flow, and
In several specific cases the terrain-free equAations ,,ere
unable to predict adequately cyclogenesis in the let- of the
,western mountains.
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In studying the errors of numerical forecasts,
not only must the physical approximations introduced in
the models be kept 1.n mind, but the errors introduced by
uhe numerical methods of representation and solution
themselves must be considered. Through the use of a
specially prepared set of synoptic charts embodying all
available data, it is felt that the purely observational
and analysis errors have not seriously affected the o>,e.r-.
all character of the present series of forecasts. I .. t
regions most likely free of the destructive effects of
erroneous boundary conditions and of the effects of
mountainous terrain, namely the eastern United Scates,
the forecasts' errors in many cases suggest an important
effect of the relative vorticity in comparison to the
coriolis parameter. This effect, it vwill be recalled,
was omitted from the thermotropic equations and may
partially exT'. in the observed tendency of the equations
to over-de, i.:, anticyclonic disturbances and to under-
develop cyclonic disturbances; in the atmosphere, there
is observed, of course, an asymetrical development of
these disturbances, ,,'hereby the cyclone experiences the
greater amplitude change. This effect, together with
the systematic truncation errors introduced by the use
of spatial finite-differences, may account for the under-
forecasts of the speed of many disturbances. n some
cases there appears ,o be an appreciable err, , especially
in the 1000 mb forecasts, due to an Inadequate representa-
tLion Of lowv-level :miperature gradients by the 500-i- .,,b
thickness pattern; these crrors may also be due to thL,
neglect of the so-called "t:isting terms and to t.h,
neglect of the effects of the vertical advection of vor-
ticity, which ,,,Ill be most serious In regions of strong
vertical motion.

From the pres;ew tosts of the barotropic and
thermotropic models, one cannot, of course, expect a
complete documentation of all of the vorticity generation
and transport effects operating in the atmozpbt're. It i.
felt that the present tests have sho,;n, ho-,ever, that
even these relativel: simple models are capable of account-
ing for a large portion of the observed behavior of the
large-scale atmospheric disturbances, and that in areas
free of the more obvious sources of error, perform at a
level comparable Aith if not slightly in excesj of that
achieved y the conventional synoptic forvcast techniques.
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Much further research remains to be performed in order to
gain a clearer understanding of the behavior of large-
scale atmospheric disturbances; research is in progress
at the present time to investigate more fully the effects
of the inposed boundary conditions, the effects of moun-
tainous terrain, and the effects of the use of finite-
differences, as the first stages of a program to isolate
and study the specific effects of the various physical
processes themselves. At their present stage of devel-
opment, however, the present techniques of numerical
prediction are felt to be suitable for operational ap-
plication from the standpoints of feasibility, economy,
and overall reliability.
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APPENDIX

On the following pages are presented the 24-hour
numerical forecasts prepared from the thermotropic and
barotropic models from each 1500 G.C.T. synoptic chart for
1 January through 31 January 1953, a total of 30 cases.
Each day's forecasts are presented in a series of eight
maps on two pages arranged as follows.

On the first page of each forecast:

upper left - the observed initial ;00 mb
map (initial conditions).

upper right - the observed final 500 mb
map ('..Vfication) .

lower left - the 24-hour barotropic 500
mb forecast.

lower right - the 24-hour thermotropic

500 mb forecast.

On the second page of each forecast:

upper left - the observed initial 1000 mb
map (initial conditions).

upper right - the observed final 1000 mb
map (verification).

lower left - the vertical velocity computed
from the thermotropic model at
the time uf the initial map.

lower right - the 24-hour thermotropic 100C
mb forecast.
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GEOPHYSICAL RESEARCH PAPERS

No. 1. Isotropic and Non-Isotropic Turbulence in the Atmospheric Surface Layer, Heinz Lettau, Geo-
physics Research Directorate, December 1949.

No. 2. Effective Radiation Temperatures of the Ozonosphere over New Mexico, Adel, Geophysics
R-D, December 1949.

io. 3. Diffraction Effects in the Propagation of Compressional Waves in the Atmosphere, Norman A.
Haskell, Geophysics Research Directorate, March 1950.

No. 4. Evaluation of Results of Joint Air Force-Weather Bureau Cloud Seeding Trials Conducted
During Winter and Spring 1949, Charles E. Anderson, Geophysics Research Directorate,
May 1950.

No. 5. Inv estigation of Stratosphere Winds and Temperatures From Acoustical Propagation Studies,
Albert P. Crary, Geophysics Research Directorate, June 1950.

No. 6. Air-Cotipled Flexural Waves in Floating Ice, F. Press, M. Ewing, A. P. Crary, S. Katz, and J.
Oliver, Geophysics Research Directorate, November 1950.

No. 7. Proceedings of the Cnfarerce on Ionospheric Research (June 1949), edited by Bradford B.
Underhill and Ralph J. Donaldson, Jr., Geophysics Research Directorate, December 1950.

No. 8. Proceedings of the Colloquium on Meuospheric Physics, edited by N. C. Gerson, Geophysics
Research Directorate, July 1951.

No. 9. The Dispersion of Surface Waves on Multi-Layered Media, Normn A. laskell, Geophysics
Research Directorate, August 1951.

No. 10. The Measurement of Stratospheric Density Vistribucion with the Searchlight Technique, L.
Elterma, Geophysics Research Dimectorate, December 1951.

No. 11. Proceedingv of the Conference on Ionospberic Physics (July 1950) Part A, edited by N. C.
Gerson and Ralph J. Donaldson, Jr., Geophynirq Research Directorate, April 1962.

No. 12. Proceedings of the Conference on Ionospheric Physics (July 1950) Part It, edited by I.udwig
Katz and N. C. Gerson, Geophysics Research Directorate, April 1962.

No. 13. Proceedings of tbi Colloquium on Microwave Metrorology, Aerosols and Cloud Physico, edited
by Ralph J. Donaldson. Jr., Geophysics Research Directorate, !Amy 1952.

No. 14. Atmospheric Flow Patterns and Their Represeatatios bySpheric*l-Surface Ilarmonics, B. Ii-
witz and Richard A. Craig. Geophysics Research Directorate, Jvly 1952.

No. IS. lack-Scatering of Electromaguetic Waves From Spheres and Spherical Shells. A. L,. Ad.,
Geophysics Research Directorate, July 1952.

No. 16. Notes on the Theory of lrge-Scale Disturbances is Atmospheric Flow With Applications tr
Numerical Weather Prediction, Philip Dunces Thompson, Major, U. S. Air F'ore. Geophysics
Research Directorate. July 1952.



GEOPHYSICAL RESEARCH PAPERS (Continued)

No. 17. The Observed Mean Field of Motion of the Atmosphere, Yale Mintz and Gordon Dean, Geophysics
Research Directorate, August 1952.

No. 18. The Distribution of Radiational Temperature Change in the Northern Hemisphere During March,
Julus London, Geophysics Research Directorate, December 1952.

No. 19. lnternatio..al Symposium on Atmospheric Turbulence in the Boundary Layer, Massachusetts Insti-
tute of Technology, 4-8 June 1951, edited by E. W. Hewson, Geophysi's Research Directorate,
December 1952.

No. 20. On the Phenomenon of the Colored Sun, Especially the "Blue" Sun of September 191-0, Rudolf
Penndorf, Geophysics Reevearch Directorate, April 1953.

No. 21. Absorption Coefficients of Several Atmospheric Gases, K. Watanabe, Murray Zelikoff and Edward
C. Y. Inn, Geophysics Research lDirect'jrate, June 1953.

No. 22. Asymptotic Approximation for the Elastic Normal Modes in a Stratified Solid Medium, Norman A.
flaskeil, Geophysics Research Directorate, August 1953.

No. 2-3. Forecasting lielationshipsi Between Lipper Level Flow and Surface Meteorological Processes,
J. J. Geor~ge, R. 0. Roche, 11. BI. Vissecher, R. J. Shafer, P. W. 1'unke, W. It. Biggers anti it. M.
Whiting, Geophysics Research D~irectorate, August 195.

No. 24. Contributiono to the Study of Planetary Atmospheric Circulations, edited by Robert M. White,
Geophysics Henearch D~irectoratc, November 1953.

No. 25. The Vertical D~istribution of Mie Particlem in the Troposphere, It. l'erndorf, Geophysics lRe-
search IDirectoraze, March 19%4.

No. 26~. Study of Atmospheric Ions in a Nonequilibrium System, C. G. Stergis, Geophysics Resenrch
Directorate, April 1954.

No. 27. Invest4'-ation of Microbarometric Oscillations in Eastern M6asachusetts, E. A. fimuraud, A. II.
Mean, F. A. Crowley, Jr., and A. P. Crary, Geophysics Research Directorate, May 1954.

No. 28. The Hotatior.-Vibration Spectra of Ammonia in the 6- anti 10-MI-cron Regionn, It. G. llreene, Jr..
Cap~t., USAF, G;eophysics Resach Directorate, June 1954.

No. 29. Seasonal Trtud, of Temperature, Density, an! Pressure in the Stratosphere Obtained With the
Searchlight Probing Technique, Louis Elterman, July 195.

N o. 3 0. Procoedings of the Confere,~ce on Auroral Physics, edited by N. C. ' e rson, Geophytsics Rie-
search D~irectorate, Ju'v 195r.

No. 31. Fox Modificatioi by Cold-Water Seeding, V'ernon G. Plank, Geophysics Hes-earch irectorate,
August 1954.



GEOPHV"CAL RESEARCH PAPERS (Continued)

No. 32. Adsorption Studies of Heterogeneous Phase Transitions, S. J. Birtein, Geophysics Research
Directorate, December 1954.

No. 33. The Latitudinal and Seasonal Variations of the Absorption of Solar Radiation by Ozone,
J. Pressman, Geophysics Research Directorate, December 1954.

No. 34. Synoptic Analysis of Convection in a Rotating Cylinder, D. Fultz and J. Corn, Geophysics
Research Directorate, January 1955.

No. 35. Balance Requirements of the General Circulation, V. P. Starr and R. M. White, Geophysics
Research Directorate, December 1954.

No. 36. The Mean Mo!ccular Weight of the Upper Atmosphere, Warren E. Thompson Geophysics Re-

search Directorate, May 955.

No. 37. Proceedings on the Conference on Interfacial Phenomena and Nucleation.
I. Conference or. Nucleation.

11. Conference on Nucleation and Surface Tension.
Ill. Conference on kdsorption.

Edited by I1, Reiss, Geophysics Research Directorate, July 1955.

No. 38. The Stahbi!ty of a Simple Buroclinic Flow With Horizontal Shear, Lco, S Pocinki, Geophysics
Rese xch Directorate, July !955.

No. 39. The Chemistry and Vertical Distribution of the Ozides of Nitrogen in the Atmosphere, L.
Miller, Geophysics Research Directorate, April 1955.

No, 40. Near nfrared Transmission Through Synthetic Atmospheres, J. N. llowanl, Geophysics Res-
search Directorate, Novenber 1955.

No. 41. The Shift and Shaje of Spectral Lines, R. G. lreene, Geophysics Resarh Dirctorate,
October 1965.

No. 42. Proceeiings on the Conference on Atmospheric Electr:city, R. Hozer, W. Smith, Geophysics
Re.!rch Directorate, December 1955.

No. 4.3. Methods and Results of Upper Atmospheric Research, J. Kaplan, G. Scilliug, H. Kallmn,
Geophysics Research Directorate, November 19S3.

No. 44. Luminous and Spectral Reflectance as Well as Colors of Natual Objects, R. Peondorf, Geo-
physics Research Directorate, February 1956.

No. 45. New Tables of Mie ScatterinRg Functions for Spherical Particles, R. Peandorf, B. ;oldbarg,
Geophysics Research Directorate, March 1956.


